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GEORGE HARRISON SHULL 


"THE life of George Harrison Shull is the familiar but always-inspiring story of 

a young man, reared under modest circumstances, who, through courage, hard 
work and devotion to ideals, overcame all odds and obstacles to create a successful 
and distinguished career in his chosen field. 

Shull was born on a farm in Clark County, Ohio on April 15, 1874, the fifth of 
eight children of Harrison Shull and his wife, Catherine Ryman. The father, a farmer, 
was also a faithful member of the Old German Baptist Church and at times an un- 
paid lay minister to the congregation. The mother, always interested in serious 
reading, became, after her children were reared, an accomplished amateur horticul- 
turist with a first-hand knowledge of plants. 

The family moved repeatedly, occupying eight successive rented farms while young 
Shull was still a barefoot boy. This circumstance, combined with the need for his 
services on the farm in fall and spring, kept his formal schooling to a minimum, and 
when he entered college he had spent only 4614 months in the classroom. Formal 
schooling was, however, supplemented by home study in which the entire family 
participated. The effectiveness of this self-education (as well as the genetic excellence 
of the Shull stock) is attested by the fact that all of the seven living children later 
became teachers in the public schools and that four are listed in ‘‘Who’s Who.” 

Shull’s interest in the study of plants began at the age of ten when he joined his 
eldest brother, Samuel Peter, then eighteen, in the study of botany. Witha volume of 
Wood’s “Object Lessons in Botany” under his arm, young Shull roamed the woods 
and countryside searching for new wild flowers to identify by the simple keys which 
the book contained. Later, when George was sixteen, another elder brother, John 
William, suggested that he “learn everything that was known about plants and then 
go on to make new discoveries.” From that day on Shull determined to make the 
study of plants his life work and despite numerous difficulties never lost sight of this 
ultimate goal. 

From 1892 to 1901 Shull divided his time between teaching in the public schools of 
Ohio and attending Antioch College where he made the remarkable average grade of 
97 in the four-year course. He received his degree in June 1901 at the age of 27. 

In September of 1901 Shull entered the University of Chicago as a graduate stu- 
dent. Within a few months he was appointed, on the basis of a Civil Service examina- 
tion taken earlier, as Botanical Assistant in the U. S. National Herbarium. Arranging 
to have his work in the Herbarium count as residence credit in the University, Shull 
proceeded to Washington. At the end of three months of service in the Herbarium he 
was transferred to the U. S. Bureau of Plant Industry with the title of Botanical 
Expert and the task of making a botanical] study in Chesapeake Bay and Currituck 
Sound of the food plants of wild ducks, whose numbers had in recent years diminished 
alarmingly. These studies, pursued through two summers, were to have become the 
subject of his Ph.D. thesis at the University but other developments intervened. 

In his last year at Antioch Shull had made a statistical study of variation in the 
floral parts of four species of wild asters which he presented to the college authorities 
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in lieu of a commencement oration. At Chicago he became further interested in bio- 
metrical studies through his association with Dr. Charles B. Davenport, one of the 
distinguished pioneers in this new field. When Davenport, in 1904, was appointed 
Director of the newly established laboratory of the Carnegie Institution at Cold 
Spring Harbor, Long Island, Shull applied for and received an appointment on the 
staff, being placed in charge of investigations in variation, modification and heredity 
in plants. Substituting as his Ph.D. thesis a nearly completed paper entitled “Place 
Constants for Aster prenanthoides”’ for the previously planned “Ecological Survey of 
Chesapeake Bay,” he proceeded to Cold Spring Harbor. There on May 2, 1904 he 
began the life work which brought him world-wide recognition as a leader in the new, 
still nameless science which two years later was to be christened “genetics.” 

As subjects for experimental study Shull chose the evening primrose and the shep- 
herd’s purse, and his work on these species continued without interruption from 1904 
to 1942 when he retired from his Professorship at Princeton University to which he 
been appointed in 1915. During this period he grew more than a million pedigreed 
specimens of shepherd’s purse and three quarters of a million specimens of evening 
primrose. He published fifteen papers on the former and twenty-two on the latter. 
Other genera which attracted his interest and became subjects of his studies and 
experiments were Zea, Phaseolus, Lychnis, Fraxinus, Digitalis, Helianthus, Lyco- 
persicum, Papaver and Solanum. His list of published papers comprises 167 titles 
and covers a period of more than 60 years, the first paper appearing in 1891, the last 
in 1953. 

Shull had a flair for inventing and adapting technical terms. Among those of his 
initiation which have come into common usage are “duplicate genes,”’ “sib,’’ “geneti- 
cist” and “heterosis.” 

Although Shull’s investigations in theoretical genetics have been numerous, diverse 
and widely recognized, they have been completely overshadowed by a single, truly 
monumental contribution which he made in the field of applied genetics: the develop- 
ment of hybrid corn. 

Hybrid corn has been termed “‘the most important development in applied biology 
of this century.”’ Like most advances in the application of science, hybrid corn is the 
work of many men and the product of many minds. To call any one person the 
“father” or “inventor” of hybrid corn is to overlook the significant fact that spectacu- 
lar achievements in applied science usually rest upon a solid but sometimes incon- 
spicuous foundation of theoretical science. Shull could do what he did because he 
knew and understood the earlier work of Mendel, Darwin, Galton and Johannsen. 
And he was capable of exploiting this knowledge in the improvement of the maize 
plant because of his boyhood experience in practical farming. This unique combina- 
tion of circumstances was indeed a fortunate one both for Shull and for American 
agriculture. 

Shull had no thought of improving the maize plant when in 1905 he began his 
studies on it. Instead he started with the objective of analyzing the inheritance of 
quantitative or “blending” characters and he chose the number of rows of kernels 
in ears of maize as an inherited and easily measured character suitable for study. 
Through self-pollination he developed a number of inbred lines differing in average 
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kernel-row number. These lines, as a consequence of inbreeding, declined in vigor 
and productivness and at the same time each became quite uniform. Shull concluded 
quite correctly that he had isolated pure lines of maize similar to those which Johann- 
sen had recently described in beans. 

As a first step in studying the inheritance of kernel-row number, Shull crossed 
these pure lines. The results were surprising and highly significant. The hybrids 
between the pure lines were, like their inbred parents, quite uniform, but, unlike 
their parents, they were vigorous and productive. Some were definitely superior to 
the origina] open-pollinated variety from which they had been derived. 

From his experiments Shull recognized, and was the first to do so, “‘the reciprocal 
relation between the deterioration due to inbreeding and the increased vigor due to 
crossing, as the two aspects of a single phenomenon.” More important still, he saw 
at once that inbreeding followed by crossing offered an entirely new method of im- 
proving yield in corn. In two papers published in 1908 and 1909 he reported his 
results and outlined a method of corn breeding based upon his discoveries. He pointed 
out the important advantages which his proposed program offered to agricultural 
practice: greater yields; greater uniformity; sharper specialization to fit different 
regions, climates and soils; the production of strains of any desired chemical content 
or other qualities. 

To read Shull’s two papers in the light of the present worldwide use of hybrid corn 
is a revelation. That Shull should have been able, from the limited experiments then 
completed and from unreplicated yield tests, not only to draw valid conclusions 
regarding the effects of inbreeding and crossbreeding, but also to design a new method 
of corn breeding based upon the exploitation of heterosis, was either inspired intuition 
or a stroke of genius. Certainly it is one of the most remarkable achievements of our 
time in the field of applied biology. Shull’s idea of producing and maintaining other- 
wise useless inbred lines of maize solely for the purpose of utilizing the increased vigor 
and uniformity resulting from their hybridization was revolutionary as a method of 
corn breeding. It is still the basic principle which underlies almost the entire hybrid 
corn enterprise. 

But Shull’s proposed method of hybrid corn production, involving the crossing of 
two inbred strains, proved to have one serious shortcoming—the cost of seed produc- 
tion was prohibitive. When this was overcome by Jones’ invention of the double 
cross in 1918, hybrid corn production became immediately practicable and Shull 
lived to see his magnificent design transformed into reality ona grand scale. By 1933 
hybrid corn was being grown on a commercial acreage large enough to justify the 
collection of annual statistics. During the forties the increased production resulting 
from the use of hybrid corn contributed not only to this coufitry’s war effort but also 
to the rehabilitation of Europe after the war. Today almost 90 percent of the U. S. 
corn acreage is planted to hybrid corn and it has also become important in France, 
Spain, Italy and the countries of Latin America. Shull’s part in this tremendous de- 
velopment has been widely recognized and he received numerous citations and awards, 
including a gold medal from the DeKalb Agricultural Association in 1940, the John 
Scott Award and medal presented by the City of Philadelphia in 1945 and the Marcel- 
lus Hartley Medal, commonly called the ‘Public Welfare Medal,” by the National 
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Academy of Sciences in 1948. Shull was also honored by election to numerous schol- 
arly societies in the United States and abroad and by honorary doctorates conferred 
by Lawrence College and Iowa State College. 

Shull’s personal life, like his professional career, was rich in interesting and re- 
warding experiences. Beginning with his service as a young teacher in Ohio, he main- 
tained a life-long interest in public schools. He served for sixteen years as a member 
of the Princeton Borough Board of Education, the last six years as its president. 
During his membership on the Board, three modern school buildings were built and 
the Princeton Borough public school system gained recognition throughout the 
country for its excellence. Since his retirement in 1942 he gave much time and effort 
to the preservation of Island Beach on the New Jersey Shore as a wild-life sanctuary. 
His wife, Mary Julia Nicholl, whom he married in 1909, is the mother of four sons 
and two daughters who have presented Dr. and Mrs. Shull with 23 grandchildren. 

It seems appropriate that a biography of Shull appearing in GENETICS should end 
with a review of the part which he played in its history. Shortly after accepting the 
professorship at Princeton University, Shull, recognizing the need of a journal to 
publish technical contributions in the rapidly expanding field of genetics, arranged 
with the Princeton University Press to undertake the publication of such a journal 
on condition that at least 250 advance subscriptions be secured. He organized an 
editorial board of nine distinguished American geneticists, all of whom are either 
still serving or did serve on the board until their deaths. He remained managing 
editor for the first ten years during which the journal became financially established, 
and he raised the special “Galton and Mendel Memorial Fund,” whose proceeds 
are used to finance illustrations and tabular matter in GENETICS. 

His interest in GENETICS continued unabated to the end and he was in frequent 
correspondence with the editors on matters of policy and details of publication. To 
recognize his many years of devoted and distinguished service to the journal which 
he founded, its present editors, making an exception to long-established policy, had 
planned to publish, while he still lived, his portrait and a biographical sketch. Dr. 
Shull’s death on September 29, 1954 denied him this final tribute; but it was a source 
of satisfaction to him to know that Volume 40 of the journal which he had founded, 
to which he had given so much of his life and which, in turn, had become so much 
a part of his, would begin with this biography. 

PauL C. MANGELSDORF 








POSITION EFFECTS AT THE BROWN LOCUS IN 
DROSOPHILA MELANOGASTER'* 


HERMAN M. SLATIS 


Department of Genetics, McGill University, Montreal, Quebec 
Received March 15, 1954 


"THE term “position effect” refers to the differential effects in the action of a gene 

which are dependent on its position on the chromosomes. The method used 
here for the investigation of this problem was to select the brown eye color locus 
(bw, 2-104.5) in Drosophila melanogasier and study the range of effects which could 
be induced in two alleles. One of these appears to be a normal wild type allele. The 
other is a recessive of unknown, but presumably spontaneous origin. This recessive 
allele and others like it cannot be shown to be producing any gene product and it 
may be assumed to be amorphic. 

By choosing an eye color, a number of simplifications in the interpretation of the 
data might be expected. Also, brown is in a relatively well studied region of the 
salivary gland chromosomes, as BripGEs (1937) investigated this area, and banding 
near the brown locus is easily identified. Only one other eye color, purpleoid (pd, 
2-106.4), is near brown. It appears that alleles of purpleoid have not been found in 
this experiment. Brown has been shown to be sensitive to chromosome rearrange- 
ments, carrying either a wild or a recessive allele (see Grass 1933). 


THE INDUCTION OF EYE COLOR MUTANTS 
Methods 


Wricut (1932) noted that the combination of brown and scarlet (st, 3-44.0) shows 
no eye pigment. For this reason, scarlet was used throughout these experiments 
since it magnified the small color difference between wild and brown to the great 
difference between scarlet and white. 

An isogenic stock was established from crosses of a CIB/+; Cy-RNS/+; Payne 
Dfd ca/+ female to a bw; st male. A daughter carrying all three of the female’s 
dominants was crossed to a phenotypically wild type brother. Daughters of this 
cross which carried all three dominants were crossed to their own father and in one 
case some bw; st offspring were found. Two flies from this culture were mated as 
founders of a bw; st stock and another bw; st male was mated to a +/bw; s/ sister. 
Thereafter, the bw; st stock was continued by single pair matings of a brother and 
sister, and the +/bw; s: stock was continued by breeding a male from the same 
generation of the bw; st stock to a +/bw; st female. The crossing technique used 
should make the first and third chromosomes isogenic in both lines and the second 
chromosome isogenic in the bw; si stock, except perhaps for rare mutations or cross- 
overs. The inbreeding practice would tend to give isogenicity if not attained through 

* Part of the cost of tables has been paid by the GALTON AND MENDEL MEMORIAL FunD. 


1 This paper is largely from a thesis submitted in partial fulfillment of the requirements for the 
Ph.D. degree, Department of Zoology, University of Chicago. 
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the crossings, and would give the greatest likelihood of the second chromosome be- 
coming isogenic in the +/bw; st line except in the immediate vicinity of the brown 
locus. The first irradiation was performed after ten generations of such inbreeding, 
the last after forty-eight. 

The preparation of stocks for an irradiation was begun by mating a pair of +/bw; 
st flies. By utilizing progeny testing, one or more pairs of bw*+ homozygotes were 
found in a short time. At the same time, one or more pairs of bw; si sibs of the bwt 
homozygotes were chosen. From these sibling bwt and bw homozygous pairs, a 
number of pairs of offspring were mated to give the larger numbers of the two types 
of offspring needed for irradiation. Thus, the flies in the irradiated generation were 
all the F; of a single brother-sister pair. 

The F, pairs were transferred at frequent intervals and their progeny emerged 
over a relatively long period of time. Adults of the F; were collected frequently to 
insure the virginity of both sexes. The males were irradiated at ages varying from 
newly emerged to four days after emergence and mated to females within a similar 
age span. The dosage used was 4000 r of X-rays at 250 kilovolts. As a precaution 
against irregularities due to deviations in the dosage administered, an attempt was 
made to have approximately equal numbers of matings in each category of the ex- 
periment in each irradiation. Both eyes of all F; flies were examined for color changes. 
Mutants were numbered in the order of their discovery. 

Both bwt; st and bw; st males were mated to females of each genotype. This gave 
four categories (‘‘series”) of progeny, as follows: 


Male Genotype Female Genoty 
Series (Irradiated) (Not Irradiated) 
A bwt; st bwt; st 
B bw; st nuts st 
Cc bw*; st bw; st 
D mw; st mw; s! 


The results of this experiment made it advisable to run a special experiment 
limited to series B and C. It was necessary to mark the second chromosomes so that 
they could be identified as maternal or paternal. Plexus (px, 2-100.5) and speck 
(sp, 2-107.0) were chosen to mark the female (non-irradiated) chromosomes and 
stocks were made up which were px bw* sp; st and px bw sp; st. The bw*, bw and 
st alleles in these stocks were derived from those in the inbred lines. These new stocks 
and a bwt; st stock were maintained in mass cultures. The bw; st flies were taken 
from the inbred line. The irradiation dosage and accompanying techniques were the 
same as used in the preceding experiment. The experimental series have been desig- 
nated B’ and C’ and the crosses are comparable with the B and C series. 


The Rate of Induction of Eye Color Mutants 
The A, B, B’, C and C’ series gave seventy-eight eye color mutants of which fifty- 
five were fertile. Three of these cannot be considered, as their offspring were not 
followed far enough to gain information about the irradiated second chromosome. 
Seven mutants appear to be due to changes at loci other than brown. Of the forty- 
five remaining mutants, ten in the C series were phenotypically white and were shown 
by test to be due to mutation at the brown locus. They showed no difference be- 
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TABLE 1 
The distribution of irradiation induced eye color mutants 
Cistes | Number of off- | Eye color | Probably | Known brown |Mutant fly pheno- 
| spring examined mutants | brown locus position effects | typically brown 

= pnineeR entre See 
A | 34,682 11 | 7 4 0 
B 38,621 12 10 6 0 
Cc } 37,911 29 27 | 8 12 (+3) 
D | 22,835 0 0 0 0 
B’ 11,832 3 2 0 | 0 
iby | 6 | 5 


23,474 23 19 








tween the irradiated chromosome and its homologue. These stocks had to be dis- 
carded. Two stocks have been derived from what appear to have been bw somatic 
mosaics which transmitted the wild allele to their progeny. The other stocks con- 
sist of three iso-alleles; two recessive non-variegated intermediate alleles, four 
amorphs, one deficiency and twenty-three variegated position effects at the brown 
locus. Under the conditions of this experiment, detectable mutants are more fre- 
quent at the brown locus than at all other eye color loci combined. Table 1 shows 
the number of mutants found in each series of the experiment, the number of mu- 
tants which were probably due to any change at the brown locus and those known 
to be due to brown locus position effects. The last column gives those cases in which 
the original mutant was white (bw; st). The separate group of three in the C series 
are stocks which were white in the mutant fly but whose descendants have been 
shown to carry position effects rather than point mutations. 

From the lack of mutants in the D series it appears that the rate of formation of 
mutants which produce pigment in bw; st flies is negligible, or zero. For the total 
number of mutants, the C plus C’ series differ from the A and from the B plus B’ 
series by highly significant values. This is also true if only those mutants which are 
‘likely to have been at the brown locus are considered. However, these differences 
are accentuated by the occurrence of point mutations. Such alleles would not have 
been detected in the A, B and B’ series. If correction is made for these alleles, re- 
stricting the calculations to variegated dw position effects, there probably were 
seven among 34,682 flies in the A series, twelve among 50,453 in the B plus B’ 
series and twenty-three among 61,385 in the C plus C’ series. These values do not 
differ from each other significantly, the comparable series, B plus B’ and C plus C’, 
have a P value between .3 and .2. Similarly, there is no significant difference in the 
rates of formation of position effects if only the more adequately studied cases are 
considered. 


Point Mutations at the Brown Locus 


The symbols used in this paper are adapted from those of STERN and HEIDENTHAL 
(1944), who designate a rearranged chromosome by the letter ““R’’. The symbol in 
parentheses shows whether the irradiated allele was wild type or recessive. The 
number of the stock has been written as a superscript. 

The mutant ancestor of stock (+) was dark brown in one eye and normal in the 
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other; that of stock (+)7° had one eye which was normal except for one small spot 
while the other eye had only small pigmented areas on a white background. Both 
resembled bw position effects but they transmitted normal wild type alleles which 
show no changes in their salivary gland chromosomes. They are presumed to have had 
unchanged wild type alleles in the germ cells, whatever may have happened in some 
of their somatic cells. The mutant ancestor of stock (+-)*! also had one eye variegated 
and the other eye normal. The salivary gland chromosomes are normal. Neverthe- 
less, a mutation seems to have persisted in this case since the amount of pigment 
appears to be reduced in combinations with position effects (see table 3). It is as- 
sumed to be an iso-allele. All three of the above mutants occurred in the C or C’ 
series. 

All four of the clearly intermediate alleles arose in the C and C’ series. The failure 
to find intermediate alleles in the B and B’ series or among the many other heterozy- 
gous flies which have been observed, makes it probable that they were irradiation 
induced. Three of these mutants, (+)5*, (+)7® and (-+)*! show no chromosomal 
abnormality, but R*(+) is limited to males, and it appears that the region from 
45A to 51E, which is on the second chromosome well to the left of the brown locus, 
has been inserted into the Y chromosome. The brown region (in 59) appears nor- 
mal. Linkage of the second chromosome with sex is not complete. Males failing to 
receive the R**(+) chromosome (but having its normal homologue) are sterile. Females 
with the broken second chromosome have not been recovered. The mutant is as- 
sociated with a dominant roughness of the eye facets which is almost completely 
penetrant, and which can be used to identify the mutant in crosses. It is assumed 
that the eye color is due to a point mutation which occurred independently of the 
associated translocation. The (+)°*/(+)** homozygotes are not clearly distin- 
guishable from wild type, and so this mutant must be regarded as an iso-allele. 
R*4(+-) is very much like (+)5* in crosses and R*4(+)/(+)"* is wild type whereas 
(+)75/(+-)"* is not. Therefore, it appears that R*(+) should be classified as an iso- 
allele too. (+)7> and (+-)* are clearly recessive to wild type. All four mutants will 
be discussed as intermediate alleles. 

R®(+), (+)® and (+)” have white eyes in combination with bw. They occurred 
in the C’ series, which was designed to pick up and identify such mutants. R®(+) 
is associated with a complex rearrangement which is no closer to the bw locus than 
58F. Homozygotes occur, but cannot be maintained as a stock. It is presumed that 
the change at the brown locus occurred at the same time as an unrelated rearrange- 
ment. The salivary gland chromosomes are normal in (+)®* and (+)”. 


THE CYTOLOGY.OF THE BROWN LOCUS 


The right end of the second chromosome, which contains the brown locus, has 
been drawn by BrincEs (1935, 1937) and Bripces and BrincEs (1939). The draw- 
ing by BripceEs (1937) represents the end of the chromosome as it is usually seen. 
On rare occasion the chromosome may be stretched so that most of the bands drawn 
by BripcEs and BripcEs (1939) can be seen. 

A few variegated brown mutants have been shown to be due to rearrangements in 
the 59D or 59E region of the salivary gland chromosomes (BRIDGES and BREHME 
1944). 
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TABLE 2 


The cytology of brown locus position effects 











Series — pron rt Chromocenter Presumed order 
B | R3(bw) D8/9 40F 60-59D9/40F-51F/59D8-57E/55E-57E/ 
51F-55E/40F-21. 
B Ri(bw) E1-2/3 80-81 60-59E3/80-61; 100-81/59E2-21. 
A R2(+) near D9-10 80C 60-59D /80C-100; 61-80C/59D-21. 
c R4(+) E1-2/3 80 | 60-59E3/80-100; 61-80/59E2-21. 
A | R5(+) | near D9-10 80C | 60-59D /80C-100; 61-80C/59D-21. 
(A) | R'8(+) | E4/F1 40F-41A 60-59F 1/41A-59E4/40F-21. 
eS Fs fe D5/6 40D 60-59D6/40D-59D5/40D-21. 
B R*5(bw) near D6 near 101E | 60-59D/101E-101A; 102-101E/59D-21. 
B R*(bw) | D11/E1 = | 60-59E1/Y; Y/59D11-21. 
ts R®(+) near D8& 41A 60-59D /41A-59D /41A-21. 
A R®(+) near D10 near 41A 60-59E/41-59D /41-21. 
A R*(+) D11/E1 40F-41A 60-59E1/41A-59D11/40F-21. 
Cc R*°(+) D1 to E1-2 - 60-59E3/59C5-21. 
B R*(bw) E3/4 40F-41A 60-59E4/41A-59E3/40F-21. 
C | R(+) | D11/E1-2 40-41 60-59E2/41-59D11/40-21. 
c | R&(+) D1-2/3-4 Unident. ? 
i | R8(+) | D3-4/5 40F-41A 60-59D5/40F-24E1/42E-59D4/41A-42E/ 
24D-21. 
. | R*(+) near Di1 40F-41A | 60-59E/41A-59D/40F-21. 
ty | R57(+) D5/6 Y | 60-59D6/Y; Y/59D5-21. 
4 | R®(+) near D9 | 101C | 60-59D/101C-102; ?/65-100; 61-65/59D-21. 
} 101A-C lost? 
ng | R®(+) | D1-2/3-4 40F-41A 60-59D3/41A-59D2/40F-21. 
by | R®(+) | E4/F1 40F-41A 60-59F 1/41A-59E4/40F-21. 
by R(+) | F1-2/3 40F-41A 60-59F3/41A-59F2/40F-21. 








The bw position effects which have been analysed here have contained one break 
in 59D, 59E or 59F. Table 2 lists, for each of the position effects studied, the series 
in which it was found, the position of the break in region 59, the. chromocentral 
region attached to it and the presumed order of the reconstituted chromosome(s). 
In addition to the position effects found in these experiments, one additional po- 
sition effect R'*(+), was found in an ancillary experiment under conditions identical 
with those of series A. All of these position effects are of the variegated type except 
the deficiency, R*°(+), which is dominant for a slight dilution of color but never 
shows any variegation. The location of breaks in region 59 is probably accurate 
with respect to bands 59D1-2, D3-4, E1-2 and F1-2. It is doubtful if any of the 
breaks involving other bands in this region are in error by more than two bands. 
Breaks in other regions have not been identified as accurately as those in region 59. 

The position of the breaks in region 59 gives few clues to the exact position of 
the brown locus. The breaks are distributed almost randomly throughout the space 
between 59D1-2 and 59F3. It is most likely that. the brown locus is in the region 
between D8 and E1-2, but the information for several other loci which has been 
given by Dremerec (1941) indicates clearly that the brown locus might be any- 
where within this region. Corroborative evidence is derived from the deficiency, 
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R*°(+-), which also suggests that the locus is within the regions 59D or 59E. If it is 
assumed that heterochromatin is responsible for variegation, it may be noticed 
that in R*(bw) and R*(+) the region to the right of about 59D8 is now adjacent 
to heterochromatin but not the region to the left of this. Therefore, the brown locus 
is probably to the right of 59D8, although to the left of 59F1. 

The chromocentral region which is involved with the brown locus in these breaks 
is the center of chromosome 2 in thirteen cases, the center of chromosome 3 in four 
cases, chromosome 4 in two cases and the Y chromosome in two cases. The X chromo- 
some has not been identified in any case, and a survey of the position effects listed 
by BripGEs and BREHME (1944) and more recent publications has failed to show 
any other brown locus position effects which are associated with the X chromosome. 
The numbers are small and this might be due to an accident of sampling. On the 
other hand, the large number of inversions as compared with the smaller number 
of translocations with the presumably comparable chromocenter of chromosome 3 
is less likely to be due to a random occurrence. There is a possibility that the two 
types of breaks are formed in different numbers or that there is a greater likelihood 
for the translocations to be sterile or inviable. 


THE ACTION AND INTERACTION OF BROWN POSITION EFFECTS 
Methods 


After a number of position effects had been collected, they were crossed to the 
various alleles of brown and to the other brown position effects. The appropriate 
progeny were examined and graded for eye color. Where homozygous flies could not 
be obtained for crossing, the stock was made heterozygous for a completely pene- 
trant dominant wing mutant which has been irradiation induced in this experiment. 
It is on the second chromosome far to the left of brown, but only rarely crosses over 
with most brown position effects and is completely balanced by some. 

An arbitrary color scale ranging from zero, or white, to six, or scarlet, was used. 
The intermediate steps were artificially defined for ease in grading. Grade one con- 
sisted of eyes in which the pigmentless area constituted the greater part of the 
surface. Eyes of light pigmentation with few dark spots or with pigmentless areas 
covering less than half of the surface were in grade two. Grade three eyes were 
slightly darker but clearly showed a less intense pigmentation than scarlet, and 
usually were of a browner color. Grade four included all eyes of strong pigmentation 
which could be distinguished by color, or slight differences in color and intensity, 
from scarlet. Grade five eyes appeared to be scarlet unless viewed by the shadow 
technique discussed below. Under these special conditions eyes would be classified 
as grade five because of deviation from scarlet in as small an area as a single facet. 
Many crosses show little variation on this scale and almost all genotypes fall into a 
unimodal curve. Because of the strong sexual dimorphism in many stocks, the sexes 
were counted separately, and as some mutants show little correlation between the 
two eyes of the same fly, only the right eye has been used in calculating the figures 
given. These values are averages of twenty-five individuals wherever possible. 
Averages based on fewer individuals have been noted. 

The unimodal distribution of the grade of eye color is usually accompanied by a 
narrow range, so that the standard errors of the values in table 3 are very small. 
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Where twenty-five individuals have been counted, the maximum standard errors 
are about +0.25 and usually are less than +0.10. Values precise to a unit (e.g., 
3.00) usually have zero standard error. Differences that are as large as a full unit 
may not be significant between groups in different culture bottles despite the small 
standard errors. However, such large differences betwéen the two sexes of the same 
cross are significant, and often the sexes differed markedly in a cross but showed no 
difference by this grading system (e.g., in the genotype R**(+-)/(+-)*! the sexes are 
of the same grade although they have different phenotypes which do not overlap). 

The flies to be graded were collected about every third day and were aged in vials 
for another four days. The color of the eye changes very little between the fourth 
and seventh day so that all flies may be assumed to be in a relatively uniform stage 
of pigmentation. Examination of the eyes was made by a technique discovered late 
in the course of this experiment and not used during the period of irradiation. It has 
since been noted that MuLLER (1930) found the same technique useful. The flies 
are placed on a white background in a strong light (as provided by a microscope 
lamp). By interposing a thin object so that the eye, but not the background directly 
below it, is in shadow, variegation is strongly accented and other aspects of the 
coloring are more easily seen. Using a relatively high power of a dissecting micro- 
scope allows areas as small as one facet to be distinguished by color, and stocks in 
which variegation was previously thought to be rare have been shown to be varie- 
gated much or all of the time. An impediment to the use of this procedure is that 
some confusion is caused by rough eye facets, which appear to be variegated. Another 
cause of error is the process of somatic crossing over. Through the use of an inter- 
mediate allele, (+)75, which is grade three in color when heterozygous with dw and 
grade four when homozygous, it has been demonstrated that somatic crossing over 
occurs between brown and the spindle fiber attachment. In bw/(+)"* flies, spots 
attributable to this cause are observed in a little less than one percent of the flies by 
use of the shadow technique. 


The Phenotypic Expression of Brown Locus Position Effects 


The position effects which have been analysed in this experiment may always 
show variegation or be variegated only in some flies; they may deviate markedly in 
amount of pigment, in some cases overlapping scarlet and in other cases white; 
they may be of about the same grade in all flies in all cultures or may vary greatly 
even in the two eyes of the same fly; they may show a strong sex dimorphism in 
which case the female usually has the darker eye, or no sex dimorphism; they may 
have a non-random or random distribution of the color within an eye. The above 
properties of each rearrangement have persisted as long as followed (in some cases 
over five years). This agrees with the data of other workers that this type of variega- 
tion is not of the nature of mutation, but is of the nature of physiological variability. 
There have been no cases of one of the rearrangements which involves hetero- 
chromatin giving an eye color between grade one and grade five which failed to 
show variegation. Therefore, the partial suppression of pigment is never uniform, 
although many of the variegated eyes look very much like the non-variegated eyes 
of the flies carrying combinations of intermediate alleles. 

Table 3 sets forth the eye color of a number of these position effects when heter- 
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ozygous with various brown alleles, when crossed with each other, and when ho- 
mozygous. The upper figure is the average for males, the lower figure for females. 
The R*°(+-) deficiency has not been compared with the non-position alleles in table 
3 because in aged flies R*°(+) is almost identical in action with bw. R*°(+)/+ is 
lighter than bw/+, but to so slight an extent that it should be graded 6.00 under 
the conditions of this experiment. At eclosion R*°(+)/+ eyes are of grade 4. This 
mutant does not cause variegation. 

Mutants (+)?7° and (+)” do not appear to differ from the wild allele in action. 
On the other hand, (+-)”', which looks like a wild allele in crosses with point muta- 
tions, has a strong tendency toward lowering the color grade of a position effect. 
It is believed that this mutant represents an iso-allele of the brown locus, although 
other explanations are possible. 

Except for the limitations imposed by the unrelated rearrangement in R*4(+), all 
of the intermediate alleles act like simple point mutations. None of them ever has 
an effect on eye color when heterozygous with wild type and none ever causes varie- 
gation. In the homozygous condition, (+)** appears wild type in color (6.00), (+)*° 
is of grade 4.00 and (+)*' is of grade 3.00. (+)**/(+)5® and (+)*4/(+)?* are wild 
type in appearance, and (+)*4/(+)* is of grade 4.00. (+)5°/(+-)”* is of grade 6.00, 
(+)**/(+)* is of grade 4.00 and (+)"*/(+-)* is also of grade 4.00. Genotypes R*4(+)/ 
bw and (+-)°*/bw are of grade 4.00, (+)75/bw is 3.00 and (+)*/bw is 2.00. 

Of the mutants which have been classified as amorphs, it is possible that R®(+) 
contributes more to the formation of pigment than the others or than the bw allele. 
This may not be a point mutation, but a position effect, or it may be a point muta- 
tion to an allele too weak to make pigment by itself but able to reinforce other 
alleles. (+-)®* may be a low grade of intermediate allele too, although this is less 
likely. (+) appears to be identical with dw. 

There does not seem to be a strong correlation between the position of the break 
in region 59 and the phenotype which it produces. However, mutants R?°(+), 
R**(+) and R*(+-) are very close in phenotype and are breaks at or near the same 
point. These three are the only position effects which clearly have an eye color 
greater than grade 4.00 in the genotype R(+-)/bw, and this genotype is marked, only 
in these three stocks and R"(+), by a very low correlation between the two eyes of 
a single fly. It is not unusual to find flies in these stocks with one eye almost com- 
pletely pigmentless while the other eye can be distinguished from wild type with 
difficulty, if at all. The position of the break toward the left of 59D cannot be the 
distinguishing factor since R®(-+-) is to the left of these three and is light in color, 
and the mutant R®°(+-), which was also broken to their left, was one of the lightest 
pigmented forms. No other cases of a relationship between a break and eye color 
have been seen. 


Table 3 brings out the lighter pigmentation of each of the position effects when 
heterozygous with bw, indicating relationship with the brown locus, except for 
R™*(+). Actually, there is only a small amount of overlap between the light pig- 
mentation of R7°(+)/bw and the slightly darker color of R’(+)/+, but the varia- 
tion is almost entirely within grade 2 and so does not show on this grading scale. 
A finer grading scale, which has been used, did show a distinct difference. Although 








POSITION EFFECTS IN DROSOPHILA MELANOGASTER 15 


the white color of the R(bw)/bw combinations could be explained as something other 
than a position effect at the brown locus, it is most likely that all of them are af- 
fected primarily at the bw locus. 

Because purpleoid is close to the brown locus, almost all of the position alleles 
were crossed to it for possible indications of interaction. R7°(+-), which is the mutant 
with the break closest to the presumed position of purpleoid, seemed to show a more 
highly pigmented heterozygote with purpleoid than with wild, but this has not 
recurred upon retesting. At any rate, such an interaction would not have been ex- 
pected. No other mutant which was tested with purpleoid gave an unusual result. 


Lethality 


Lethality or strong semilethality is shown, particularly in the right-hand part of 
table 3, by the letters a, 6 or c. Because most of these crosses had to be made up 
in such a way that a number of marked flies of other genotypes also occurred, it was 
possible to get an estimate of the expected number of R/R heterozygotes. In most 
instances the deficiency of R/R individuals was so great as to leave no doubt of 
the inviability of the genotype. It will be noticed in table 3 that in a number of 
crosses the males proved to be less viable than the females. 

If the lethality of R/R heterozygotes is compared with the position of the break 
in region 59, it will be seen that there is evidence that the closer two breaks are to 
each other, the more likely they are to produce a lethal heterozygote. Thus, R7°(+) 
is inviable with all four of the nearest mutants, R'8(+), R4(bw), R*(bw) and R'(+), 
but it is partially viable with the four most distant mutants, R?°(+-), R®°(+), R°"(+) 
and R®(-+-). The other position alleles which are at the ends of the space in which 
breaks occur also show some effects of greater lethality with neighboring breaks 
than with distant breaks. The mutants which are most viable as homozygotes, 
R®(+), R*(+), R®(+), R(+) and R**(+-), are found in the center of the area 
in which breaks in region 59 occur. This distribution does not appear to be random. 
It is possible that the lethality which is shown is due largely to a highly sensitive 
lethal locus toward each end of the 59D to 59F region, although lethal loci less 
sensitive to position effects may be distributed throughout the region, or lethality 
may be due in part to the other breaks which are involved. 

In those R/R genotypes which are semilethal, even when adult flies do occur 
they are often deformed. The deformities include small bristles, small eyes, in- 
completely expanded wings, and melanotic protuberances and inclusions. This 
melanotic condition is probably the same as that described as “melanotic clots of 
dried blood” in the heterozygotes between bw'”® and the position allele 6w* (BRIDGES 
and BREHME 1944). Only one of the homozygous position effects, R“(+)/R"(+), 
has shown this phenotype strongly. The melanotic material may be internal or 
external or both, and if external it may bear a small amount of non-melanotic tissue 
at the tip on rare occasion. The melanotic condition is noted most frequently just 
posterior to the proboscis. Infrequently, a fly with one chromosome of the normal 
arrangement will show the melanotic condition. The malformed flies are less viable 
than normal and often fail to emerge from the pupal case. A few of the genotypes 
which are listed as lethal are able to advance to this late pupal stage. 
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DISCUSSION 
The Reciprocal Position Effects R(+)/bw and R(bw)/+ 


Epurussi and Sutton (1944) divide the interpretations of the position effect into 
two categories, kinetic, or chemical diffusion theories, and structural theories. An 
extensive structural theory is developed in their paper. This theory traces to the 
suggestion by Mutter (1938, 1941) that synaptic forces, and especially somatic 
pairing, which is found in the Diptera, are related to the activity of the gene so that 
a change in pairing might be accompanied by a change in gene action. On this as- 
sumption, the structure R(+)/bw is equivalent to R(bw)/+. This equivalence 
should be observable (1) in the rate at which position effects can be induced, and 
(2) in the phenotypes produced by position effects. 

The earliest exception to the rule of equivalence was in the work of DuBININ 
and Srporov (1935) on the hairy locus. They found the deviation from wild type 
was greater in -R(+)/h than in R(k)/+. The rearrangement was the same in both 
cases, the difference having been obtained by finding the rare crossovers which oc- 
curred between hairy and the break. STERN, SCHAEFFER and HEIDENTHAL (1946) 
found position effects at the cubitus interruptus locus to be formed more frequently 
as R(+-)/ci than as R(ci)/+-. The difference in rate of formation is highly significant. 
The R(+) alleles were not separated into those associated with rearrangements and 
those due to mutation, but evidence is presented to show that at this locus mutation 
is a rare process when compared with rearrangement. A distinction in phenotypes is 
also shown as R(+)/ci deviates from wild type to a significantly greater extent 
than R(ci)/+. 

As at the cubitus interruptus locus, the brown locus forms (+)/bw alleles more 
frequently than (bw)/+ alleles. However, this difference is not statistically sig- 
nificant if the comparison is restricted to position effects. Still, it should be noted 
that the deviation from equality is in the same direction as that found for cubitus 
interruptus, namely, that the wild allele has formed more position effects than the 
recessive. The phenotypes also differ between R(bw)/+ and R(+)/bw stocks. Of 
the six R(dw) mutants which have been examined in this experiment, none have 
included any R(éw)/+ individuals with an eye color as light as grade zero or one. 
Only R*°(bw)/+ appears to have representatives which have patches of pigmentless 
facets. Of the R(+) mutants, only those occurring in the C or C’ series can be con- 
sidered, since the A series mutants may have been selected for a high degree of 
expression of the position effect. Eight of the twelve variegated position effects 
studied in the C and C’ series have R(+-)/bw individuals as light as grade zero or 
one. All four of the other position effects occasionally show groups of pigmentless 
facets. Three of the sterile mutants in these series were noted as having eyes of 
grade one but no sterile mutant individual in the B or B’ series was noted as having 
eyes with any pigmentless areas. The difference between none of six R(bw)/+ po- 
sition effects producing individuals as low as grade one and eight of twelve stocks 
ranging this low in the comparable R(+-)/bw series can be determined statistically 
by a slight modification of the exact method described by FisHEer (1950). The 
chance of getting this deviation is 0.011, or a probability of 0.022 if this great a 
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deviation in both directions is considered. If the production of pigmentless patches 
in the eye is considered, the distribution five to one in the B series and zero to twelve 
in the C and C’ series has a probability of random occurrence of 0.0014. 


Helerozygotes Between the Variegations and the Deficiency 


R*°(+) may be the only case of a dominant eye color associated with a deficiency. 
It was found in this experiment because of the pseudodominance of the bw allele 
and the favorable conditions of observation presented by the use of scarlet. The 
dominant eye color is best seen immediately after eclosion. 

DuBININ and Siporov (1935) crossed their position effect for hairy with a de- 
ficiency for the locus and found that the heterozygotes with the deficiency were 
more normal than the heterozygotes with the recessive. STERN, MACKNiGHT and 
Kopan1 (1946) have obtained heterozygotes between four R(+) alleles and a de- 
ficiency which includes the cubitus interruptus locus. The phenotype of these heter- 
ozygotes was almost normal although the phenotype of comparable R(+-)/ci combi- 
nations was highly abnormal. 

The comparison of R/R*(+) with R/bw heterozygotes shows an effect of R*°(+) 
which varies from a strong reduction in pigment to one case of an increase in pig- 
ment. The number of individuals observed is small in the latter case and it is pos- 
sible that the moderately colored eyes of R(+-)/R*°(+) represent a chance deviation 
from the lighter eye color of R*’(+-)/bw. There is certainly no strong tendency for 
this deficiency to shift position effects toward normality. 


Homozygous Position Alleles 


The phenomenon of reconstituting wild type in the homozygote, which was 
reported by DuBININ and Srpororr (1934) for the cubitus interruptus locus, and 
which is further discussed by STERN (1948), is not present in this brown locus mate- 
rial. Except in the case of R®(+)/R"(+), which is approximately identical with 
R®(+)/+, all of the homozygotes for R(+-) alleles are much lighter than the com- 
parable R(+)/+, but they may be lighter or darker than R(+)/bw. No general 
rule has become manifest. The two R(dw) homozygotes which have been observed, 
R‘(bw) and R**(bw), were pigmentless, as was expected. The R(+) homozygotes are 
much darker than those which were studied by Grass (1933), three of whose R(+) 
homozygotes can be classified as grade one (or possibly including some grade two 
individuals) and another of which is described as without pigment, or grade zero. 
Only the R**(+) homozygote may overlap with these. The difference may be that 
the favorable conditions for the selection of mutants in this experiment detected 
position alleles causing smaller deviations from wild type. 


Helerozygotes for Two Variegated Position Alleles 


Crosses between variegated position alleles have rarely been made. VAN ATTA 
(1932) found no viable R/R heterozygotes between six different brown position 
alleles which were crossed in all possible combinations. Grass (1934) crossed a 
number of brown position alleles with each other and noted that the R/R heterozy- 
gotes were rare and poorly viable. The eye color was described as being similar to 
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that found in homozygotes for the same position effects, or probably grades zero 
through two. Remarks in BripcEs and BREHME (1944) (see bw"* and bw¥”) indicate 
that other crosses of brown position alleles have been carried out, but the phenotypes 
of the R/R heterozygotes have not been given. DuBININ and SmwororF (1934) re- 
ported that R(+)/R(+) heterozygotes are wild type at the cubitus interruptus 
locus. At the same locus, STERN and HEIDENTHAL (1944) found that R(+)/R(ci) 
gives more normal wing venation than R(+-)/ci. In fact, the R(+)/R(ci) heterozy- 
gotes were more normal than some of the comparable +/R(ci) phenotypes though 
less normal than others. 

It has been found in this experiment that R(dw)/R(bw) heterozygotes produce no 
pigment. The average grade of R(+)/R(bw) heterozygotes is frequently less than 
1.00 and always less than both the comparable R(+)/bw and R(bw)/+ heterozy- 
gotes. The R(+)/R(+) heterozygotes are less pigmented than either R(+)/+ 
(assuming that the value for the R**(+)/R7(+) males is accidentally high), and 
usually have even less pigment than either R(+)/bw heterozygote. The general 
rule may be stated that the pigment formed in R(+)/R heterozygotes is correlated 
with the pigment formed by the R(+) alleles in the heterozygote R(+)/bw, and, 
where applicable, with the pigment occurring in R(6w)/+ heterozygotes. The num- 
bers of individuals in table 3 are often small and inversions of order are present, but 
the rule holds good as an approximation. 

There are several mechanisms by which a chromosomal rearrangement may 
affect the action of a gene. It may directly affect the gene’s ability to perform its 
function or it may affect either its substrate or product, or it may operate through 
a combination of these. These data do not permit a distinction to be drawn between 
the various modes of action. The change in phenotype which appears to be due to 
a rearrangement on the chromosome carrying a particular gene will be referred to 
as an “intrachromosomal effect,” while the change in phenotype which appears to 
be due to a rearrangement on one chromosome affecting the gene on the homologue 
will be referred to as an “interchromosomal effect.”” These terms have been chosen 
for simplicity and they may not accurately describe the processes which are taking 
place. 

Since the bw allele can be assumed to be an amorph, the pigment produced by 
the genotype R(+)/bw can be assumed to be due solely to an intrachromosomal 
effect of the R(+) condition, and as such is an exact measure of this intrachromo- 
somal effect. On the other hand, there is no reason to believe that pigment is being 
formed by an R(bw) chromosome, and therefore the pigment of an R(bw)/+ indi- 
vidual may be interpreted as a measure of the interchromosomal effect of the R(dw) 
rearrangement upon the normally located allele. The combination R(+)/R(bw) 
owes its pigmentation solely to the pigment which is produced by the chromosome 
carrying the wild allele, but the amount of pigment which is produced by this com- 
plex is determined by the combination of the intrachromosomal effect of the R(+) 
and the interchromosomal effect of the R(dw) rearrangements. 

Two separate theories may be postulated for the interaction of position alleles. 
The first of these theories might suggest that the interaction of two position alleles 
is dependent upon factors such as the point of breakage and the region to which the 








POSITION EFFECTS IN DROSOPHILA MELANOGASTER 19 


locus has been transposed. Under this theory the phenotype of an R/R heterozygote 
could not be predicted without an extensive knowledge of the action of each of the 
rearrangements in many such combinations. Opposed to this is the theory that the 
interchromosomal and intrachromosomal effects of any rearrangement are constant. 
On this theory if one could determine the effect in one combination of a particular 
position allele, this could be used for an accurate prediction of the effect of this 
position allele in other combinations. 

The single interchromosomal plus intrachromosomal effect found in the R(+)/ 
R(bw) heterozygotes affords a simple test of these theories. According to the second 
theory if R™(bw)/+ is lighter than R°(bw)/+ then R™(bw) should form lighter 
heterozygotes with any particular allele than R"(bw) forms. Conversely, if R*(+)/bw 
is lighter than R>(+)/bw, then R*(+) should form lighter heterozygotes with any 
particular R(bw) allele than R°(+-) forms. The first theory of interaction would pre- 
dict that these rules do not hold and that the relative pigmentation of an R(+-)/ 
R(bw) heterozygote could not be predicted from a knowledge of the action of these 
two position alleles in combination with non-position alleles. 

Among the R(éw) alleles we may assume the order R*(bw), R°(bw), R?(bw), R“*(bw) 
as the sequence from light to dark, and accidents of sampling could be responsible 
for the slightly light values of the combination of R*(bw) with (+)! and (+)59, 
and the slightly dark combination of the females of R*(dw)/R*(+-) (which figure is 
based on only five individuals). The great number of observations made with R°(bw) 
and R*(bw) allows a more critical investigation to be made of the relationship be- 
tween these two position alleles. R**(6w) is consistently as dark or darker than 
R*(bw) with the exception of the cross of these rearrangements with R“(+). A re- 
investigation of the amount of pigment formed by R**(bw)/R(+-) shows that the 
original observations were accidentally too low and the values for each sex are 
probably in the neighborhood of 0.80, which would put these figures in line with 
those for other crosses. With respect to the estimation of the intrachromosomal 
effect of R(+) alleles from their combination with bw, it may be stated that the 
R(+)/R(bw) heterozygotes give remarkably good agreement with the predictions 
considering the small numbers which are frequently involved. The minor inversions 
of order which do occur may be due in part to the fact that viability and amount of 
pigment seem to be positively correlated. It has been noticed in certain genotypes 
that flies with greater than average pigmentation were often normal in most other 
respects although their sibs were quite defective. If a genotype is almost completely 
lethal, as is R°(bw)/R*(+-), the few flies which do emerge as adults are not likely 
to be a random sample of the genotype with respect to eye color. 

These facts strongly suggest that the interaction of position alleles in combinations 
between two of them is neither related to the relative positions of the breaks involved 
or to an interaction dependent upon the materials which have been transposed to 
the neighborhood of the brown locus, but rather that there is a simple intrachromo- 
somal effect and a simple intercliromosomal effect which should be calculable for 
each position effect and that these effects combine in some direct manner to produce 
the pigment which is formed. It has been noted that an R(bw) position allele has no 
intrachromosomal effect and an interchromosomal effect can be calculated by 
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reference to the pigment of R(bw)/+ flies. The intrachromosomal effect of R(+) 
alleles can be calculated from the pigment of R(+)/bw flies and a measure of the 
interchromosomal effect can be obtained from a study of R(+)/+ flies, although 
this is greatly complicated by the presence of the intrachromosomal effect. 

The greatest difficulty besetting an adequate analysis of these data is probably 
the fact that the scale on which pigment was graded is not linear and the depart ure 
from linearity are completely unknown. Thus, these data are inadequate for the 
estimation of whether the difference between grades one and two is of the same 
order of magnitude as the difference between grades two and three or three and four. 


Theories Explaining the Position Effect 


These findings suggest that R(+-)/bw position effects are formed at a greater rate 
than R(bw)/+ position effects, and it is highly probable that the former may oc- 
casionally have less pigment formed in their eyes. Therefore, it seems reasonable to 
assume that the two genotypes are not identical in nature, and intrachromosomal 
effects are stronger than interchromosomal effects. To this may be added much of 
the unequivocal evidence compiled by STERN and his coworkers, and the evidence 
relating to the hairy locus. All of these facts argue against the simple structural 
theory of EpHrussi and Sutton. The author would like to note that at the time 
that this work was begun the structural theory seemed to be the most plausible 
one. It covered and explained almost all of a multitude of different observations 
which were known at that time. Furthermore, it could be used to predict results, 
which indeed was what prompted the work reported here. 

The structural theory has two basic premises, (1) that heterozygosity in chromo- 
somal structure is equally effective in disturbing the action of the genes on the 
rearranged and on the normal chromosomes, and (2) heterochromatin, and on rare 
occasion an unusual distribution of euchromatin, may cause a disturbance in the 
action of the gene even though there is homozygosity of structure. Most of the 
observations of this paper could be accounted for by the additional assumption that 
in a structurally heterozygous form which is influenced by heterochromatin the 
effect is greater on the chromosome which contains the heterochromatin than on 
the chromosome which is normal. 

Even this additional hypothesis does not completely remove all difficulties. For 
example, R°*(+-)/R**(+-) is much lighter in eye color than R°*(+)/bw, although it 
is obvious that the position allele is contributing to pigment formation while the 
recessive allele is not. It would appear in this case that there is much less effect of 
heterozygosity of structure than of heterochromatin. Another argument against the : 
theory that structural heterozygosity produces the position effect is the fact that 
almost no position effects due to a rearrangement which does not involve chromo- 
central heterochromatin have been found at any locus. Even if the brown locus is 
more sensitive to heterochromatin than it is to euchromatin, at least a few eu- 
chromatic position effects other than the deficiency, R*°(+), should have been de- 
tected in this experiment. In fact, it appears that the deficiency is the only known 
euchromatic position effect which involves the brown locus (Hinton and Goop- 
SMITH 1950, refer to brown-dominant as a “band of heterochromatin’, and new 
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cytological evidence plus genetic evidence such as the production of variegation will 
be presented elsewhere as proof of the heterochromatic nature of this mutant). 
Furthermore, the structural theory would require that the pigmentation of heterozy- 
gotes between two position alleles would not be predictable except with reference to 
the site of breakage and the material which has been transposed to the brown locus, 
and it seems quite likely that this is not so. From the above facts, it appears that 
the structural theory is neither predicting the action of the brown locus nor explain- 
ing the facts which have been observed. 

The pertinent facts which have been observed about the brown locus are the 
following: 

(1) there is a simple dominant-recessive relationship between the alleles bwt 

and bw, 

(2) a particular deficiency for the locus has been found to have a slight dominant 

effect, 

(3) a rearrangement which brings heterochromatin near the locus decreases the 

amount of pigment formed, 

(4) substitution of R(+) for + or substitution of R(dw) for bw usually decreases 

and never increases the amount of pigment formed, 

(5) R(+)/bw tends to deviate further from normal in phenotype than R(éw)/+. 

(6) it is probable that each position allele has a distinct intrachromosomal effect 

and a distinct interchromosomal effect and that these are not dependent 
upon the structure of the homologous chromosome. 

We may assume that bw* is an active allele and that bw is inactive. This is war- 
ranted by the general consideration of gene action and by the evidence of the mu- 
tants which were formed in the course of these experiments. The position effect at 
the brown locus can be explained by the further assumption that heterochromatin is 
able to interfere with the production of pigment by the wild allele. The effect of 
heterochromatin must be greater on the chromosome which contains it than on the 
homologue, but it must act on both chromosomes. It is possible that changing the 
euchromatic loci near the brown locus can affect bwt to a lesser extent, which would 
explain the action of the dominant deficiency, R*°(+). An alternative explanation 
for R*°(+-), which would require that the wild allele at the brown locus is not a com- 
plete dominant, is not too likely since a number of recessive mutants were obtained 
in these experiments but the deficiency was the only one which was detected by a 
slight dominant effect. It is probable that the majority of the recessive alleles which 
were induced in the course of these experiments were amorphs with no greater out- 
put of brown locus product than the deficiency. 

The fact that we do not know the position of most loci on the salivary gland 
chromosomes to within a few bands and that the position of the centromeres is hazy 
leaves the word “heterochromatin” playing a major role which it may not deserve. 
There is nothing in these experiments which would indicate that it is not proximity 
to the centromere rather than to the heterochromatin associated with it which is 
the cause of the position effect. However, the mutant brown-dominant, which is 
due to heterochromatin which is divorced from the centromere, indicates that 
heterochromatin is truly the agent. 
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SUMMARY 


Irradiation of bw*+ males probably produced 7 position effects among 34,682 flies 
when mated with bwt and 23 position effects among 61,385 flies when mated with 
bw. Irradiation of bw males probably produced 12 position effects among 50,453 
flies when mated with dwt and 0 among 22,835 when mated with bw. The rate of 
formation of R(+-)/bw is not significantly higher than the formation of R(+)/+ or 
R(bw)/+-. Among the position effects examined, the amorph phenotype in some 
facets of the eye was found in all twelve R(+-)/bw stocks. Only one of the six R(bw)/+ 
stocks showed this phenotype. This deviation from random would occur about once 
in a thousand times. In addition to the position effects, the (+)/bw flies included 
one iso-allele, four intermediate alleles, a deficiency and many amorphs. The other 
crosses did not produce any mutants of these types. 

The deficiency has a slightly dominant position effect associated with it. It is the 
only euchromatic position effect associated with dw. All of the variegated position 
effects are due to chromosomal rearrangements involving 59D to 59F and the chromo- 
central heterochromatin of the Y, 2, 3 or 4. The X chromosome may have a lower 
ability to form position effects. There may be one group of three position effects 
which shows a relationship between eye color phenotype and the position of the 
break. There is a clear connection between lethality and the position of the break. 
Heterozygotes between two breaks which are close together are more likely to be 
lethal than heterozygotes between breaks which are far apart. A lethal locus sensitive 
to breaks in its neighborhood may be present toward each end of the bw sensitive 
region in 59. 

A few of the mutants are viable as homozygotes, with phenotypes of R(+)/R(+) 
as dark as R(+)/+ or lighter. One R(+) homozygote is much lighter than R(+)/dw. 
Heterozygotes between two position alleles, at least one of which is R(+), are re- 
lated in color to the color of the R(+)/bw or R(bw)/+ heterozygotes involved. 
Substitution of R(+) for + or of R(éw) for bw either does not affect or else reduces 
pigmentation, but never increases it. The position alleles appear to have distinct 
intrachromosomal and interchromosomal effects and it appears that the amount of 
pigment which is formed by heterozygotes for two position alleles can be predicted 
from a knowledge of the amount of pigment formed by each allele when in combina- 
tion with non-position alleles. 

The structural theory of position effect does not explain these facts satisfactorily. 
A simple chemical theory which assumes that the bw locus is slightly affected by 
euchromatic rearrangements but strongly affected by heterochromatin is advanced. 
The heterochromatin can affect both chromosomes, but it appears to act more 
strongly on the chromosome which contains it than on the normal homologue. 
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LTHOUGH meiotic crossing over has not been demonstrated to occur in the male 

of Drosophila melanogaster, recombinant chromosomes are recovered from males 

with a very low frequency. Since such recombinants often occur in clusters of in- 

dividuals among the progeny of a single male, they have generally been attributed 

to exchange occurring during gonial mitosis. The origin of recombinants from males 
has been discussed by Cooper (1944). 

Recombinants of the above type involving exchange between the X and the Y 
chromosomes are of particular interest. Such exchange implies homology, and that 
the X and Y are in part homologous is well established; little can be said with respect 
to the extent or the arrangement of the homologous regions, however. It is known 
that these exchanges are confined to the heterochromatic regions of the X and Y; 
the heterochromatin of the X is located in the region of the centromere, and the Y 
is completely heterochromatic. The complete analysis of products of exchange be- 
tween X and Y is generally hampered by the paucity of genetic markers in the hetero- 
chromatic regions, even leading to an ambiguity in some cases as to which arm of the 
Y chromosome was involved. The experiments to be discussed here were designed to 
obtain more specific information on the homologies between the heterochromatic 
regions of the X chromosome and the Y chromosome. 


EXCHANGE BETWEEN THE Y CHROMOSOME AND THE sc® INVERSION 


In 1940 and 1941 Srporov reported results which he interpreted as the consequence 
of exchange between the short arm of the Y chromosome and the heterochromatin 
shifted to a distal position by In(1)sc* (see figure 1). Among the progeny of In(1)sc* 
males crossed to y sc! w* females he found, in addition to the regular classes, 
occasional y females and sc'* w* males. The y females could be shown to carry In(1)sc* 
deficient for the distal uninverted euchromatic section. Of seven such chromosomes 
tested, six were found to carry all of the male fertility factors normally found on 
YS, whereas none carried all those of Y’. These chromosomes then were interpreted 
as recombinants in which the distal euchromatic region of In(1)sc* had been replaced 
by Y® through heterochromatic crossing over. The sc'* w* males were sterile and were 
presumed to carry the reciprocal product, a Y chromosome in which part of Y* had 
been replaced by y* and act from sc*. To test this, In(1)sc* males were crossed to 
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partial fulfillment of requirements for the degree of Doctor of Philosophy supported by an Atomic 
Energy Commission predoctoral fellowship. Further experimentation has been pursued under a 
National Research Council postdoctoral fellowship at Princeton University and under a National 
Science Foundation postdoctoral fellowship at the University of Missouri. 

2 Present address: Biology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee. 
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Ficure 1. Schematic representation of the event pictured by Smporov (1940 and 1941) as giving 
rise to exceptional progeny from crosses involving In(1)sc® males. The heavy lines represent hetero- 
chromatin. 


attached X females homozygous for y v f; the non-yellow daughters recovered from 
this cross were shown to carry the predicted recombinant type. CREw and Lamy 
(1940) have recovered a similar recombinant Y from In(1)sc*. 

Two aspects of the above phenomenon seemed particularly to merit further in- 
vestigation. First, any exchange between the Y chromosome and an inverted seg- 
ment of the X chromosome which does not result in the formation of a dicentric 
would seem, on preliminary consideration, to require an unusual pairing arrangement 
in which the linear order of one homologue is inverted with respect to that of the 
other. Secondly, the apparent preferential involvement of Y® in the exchange might 
further elucidate the distribution of the regions of X-Y homology. Consequently, 
experiments were set up in an attempt to repeat Smporov’s observations. 

Recovery of reciprocal recombinant types, for further genetic study, from a single 
cross requires that one of the products be recoverable in a fertile male; it will be 
noticed that in Smorov’s experiments recovery of testable products was possible 
in daughters alone. Viability and fertility of males carrying the deficient sc* chromo- 
some (recombinant X chromosome) or the deficient Y chromosome (recombinant Y 
chromosome) can be assured by supplying the y-ac region or the proper Y fertility 
factors respectively. Crosses employing each of these methods were used in the ex- 
periments described below. 


Experiments involving In(1)sc4,EN® males 

The composite chromosome, In(1)sc*“,EN®, differs essentially from In(1)sc® used 
by Srporov in that it carries at the right end (centromere end) all of the euchromatic 
material from the left end of a chromosome in normal sequence that is necessary for 
survival; consequently a deficiency for the distal sc euchromatin is compensated for 
by a duplication of this material proximally. Furthermore, since the proximal yellow 
locus carries a mutant allele, recombinant X-bearing males are yellow. The nature of 
the proximal heterochromatin of In(1)EN is largely unknown; there is a hetero- 
chromatic short arm about one-fourth the length of the long arm. For a fuller de- 
scription of In(1)EN, see Novitskr (1949). 

Two series of crosses were run in which In(1)sc*“,EN®, y+ f y males were mated 
individually to attached X females carrying yellow plus other markers. In the first 
series (203 pairs) y w/Y females were used, and the parents were kept for two five- 
day egg laying periods; in the second series (47 pairs) y? su-w* w* bb/Y females were 
used, and the parents were transferred through five five-day egg laying periods. The 
results of the above crosses are summarized in table 1. 
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TABLE 1 
Progeny of In(1)sc8“,EN®, y+ fy/Y¥ &'oh X y w/Y 2 9 (Experiment 1) and 
In(1)sc8”,EN®, y+ f y/¥ & ox X y? su-w* w* bb/Y 2 2 (Experiment 2) 











Experiment y* males y males | y females | y* females 
= — _ ao | 2 ————E — — | — — _ 
1 33,527 19 | 31,723 5 


2 5,028 14 


4,436 | 0 








Of the 19 yellow males recovered in experiment 1, five were offspring of one parental 
male (F-7), four were offspring of another (D-6) and one was recovered from each of 
ten other males (B-1, C-4, I-7, O-7, P-7, P-8, Q-1, and U-5). In experiment 2 eleven 
yellow males were offspring of one parental male (C-1) and one was recovered from 
each of three others (B-7, C-6, and C-13); such clustering was not observed by 
Srporov. The non-yellow females arose singly (L-7, U-7, U-8, V-0, and V-4). In 
view of the rarity of recombinants, it is justifiable to consider clusters as arising 
through cell division from a single mitotic event. Henceforth the recombinant X 
chromosomes will be abbreviated sc’ EN c.o. X, and the recombinant Y chromosomes 
sCEN c.o. Y. 

The constitution of most of the above exceptions plus others (a total of 37) re- 
covered from similar crosses was tested with respect to Y chromosome fertility fac- 
tors. This was accomplished by putting each recombinant into males in combination 
with the fertility factors of one arm or the other of the Y chromosome and testing the 
fertility of the resulting individuals. Such males, when fertile, were concluded to carry, 
as part of the recombinant chromosome, the fertility factors of the Y arm not sup- 
plied. Fertility of the sc7EN c.o. X’s was tested in combination with Y’(= YS-Y8— 
STERN 1929) and Y°*! (= Y" closed—MULLER 1948), while that of the sc°EN c.o. 
Y’s was tested in the presence of essentially reciprocal attached X breakdown prod- 
ucts, X- YS and X- Y" (the elevated dot indicates centromere position). 

Of thirty-seven sc’EN c.o. X’s tested, four were fertile in males in the presence of 
Y°! (L-7, P-O, P-7, 35a), while none of them were male fertile in the presence of Y”. 
Since these thirty-seven cases include all members of clusters F-7, D-6, and C-1, it 
can be further stated that involvement of the Y chromosome was demonstrated in 
four of twenty events from which exceptional X-bearing progeny were recovered. 
Of the five sc8EN c.o. Y’s, three were tested; all of these were found to confer fertility 
upon X-Y® males but not X-Y" males. Adding these cases to the recombinant X 
class it is found that seven of twenty-three events studied can be demonstrated to 
have involved the Y; furthermore all seven involved Y°. 


Experiments involving In(1)sc* males 


In these experiments In(1)sc* males were crossed to Y°X- Y” females homozygous 
for y; the recombinant X chromosomes were therefore recovered as y females, and 
the recombinant Y chromosomes were recovered as y*+ males which had received a 
Y®X-Y™" chromosome from their mother and were thus fertile irrespective of the 
paternal Y contribution 

Experiments 1 and 2 have demonstrated the occurrence of clusters of recombinants 
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to be expected from mitotic exchange; it was deemed desirable to recover such clusters 
in as many cases as possible, with the hope of recovering reciprocal types from the 
same father. With this in mind, the two experiments described below have been 
designed to encourage maximum yield of offspring from individual males. In experi- 
ment 3, 25 In(1)sc*, f v cv sc’ males were mated individually to five females of the 
constitution YSX-Y", In(1)EN, B y. At the end of five days the males and females 
were separated; each male was placed in a new bottle with five fresh females of the 
same constitution, and the old females were put into new bottles for continued egg 
laying. After five more days the bottles containing females alone were transferred and 
the bottles containing one male and five females were subjected to the same proce- 
dure as described for the first series of bottles. At the end of the next five days the pro- 
cedure was repeated except that the males were discarded; at this time there were 
theoretically nine bottles from each of 25 parent males. Experiment 4 was arranged 
in a similar manner except that only four females per male were used and subcultur- 
ing was done every four days. Also it was discovered in experiment 3 that females, 
once removed from the males had sperm enough for only two additional subcultures; 
in experiment 4, therefore, females were discarded after the second subculture. In 
this case transfers were continued to the point where for each of 100 parental males 
there were maximally 14 bottles. 

Careful examination of the cross used in experiment 3 reveals that the recombinant 
X chromosomes (sc® c.o. X) are recovered as the heterozygote, YSX-Y", In(1)EN, 
B y/sc® c.o. X. These two chromosomes have essentially the same sequence; con- 
sequently crossing over is expected to occur freely between them. Crossing over dis- 
tal to B results in exchange of tips which is undetectable in terms of the markers 
employed. Recovery of such a recombinant between Y°X- Y™ and sc* c.o. X in the 
process of establishing stock of a sc* c.o. X chromosome would result in the loss of 
the critical distal region, which may or may not carry Y°, and in its replacement by 
the Y® tip from the Y®X - Y" chromosome. Actual measurements of the rate of recom- 
bination between B and the tip in such a heterozygote yield a value of 21.9%. To 
assure the recovery of the proper chromosome end in experiment 3, separate stocks 
were made and maintained for all further testing from three sons of each heterozygous 
female recovered. To eliminate the necessity of establishing more than one stock of 
each recombinant in experiment 4, the In(1)dl-49, car f v section of an Ins(1)sc*,dl-49, 
car f v chromosome, kindly supplied by Dr. H. J. MULLER, was transferred into the 
YX -Y™ chromosome by a double crossover. It was anticipated that the presence of 
In(1)dl-49 would practically eliminate crossing over distal to the inversion, but when 
test counts were made it was discovered that the rate of recombination between 
car and the tip was 9.3%, that between f and the tip being 20.9%; this is an extra- 
ordinarily high rate of crossing over for a dl-49 heterozygote and it may be surmised 
that the heterochromatin placed distally in the two sequences may be responsible. 
That the dl-49 inversion was actually present in the cross was confirmed by salivary 
gland chromosome observations. Since the presence of In(1)dl-49 had little or no 
effect on crossing over, it was also necessary in experiment 4 to establish several 
stocks of each recombinant X chromosome (four or five). 

The results of experiments 3 and 4 are summarized in table 2. In experiment 3 two 
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TABLE 2 
Progeny of In(1)sc*, f v cv sc8/¥ &a X Y8X-¥", In(1)EN, By 2 2 (Experiment 
3) and In(1)sc8, f v cv sc®/¥ aa X YSX-Y", Ins(1)EN, dl-49, carf vy 29 








(Experiment 4) 
Experiment y* females y females | y male | y* males 
3 | 11,381 3 8,085 | 3 
4 93,675 6 | 


85,818 | 0 





of the y females and one of the y+ males were among the offspring of one parent male 
(E;), while the rest of the exceptional individuals occurred separately (sc* c.o. X 
Po, sc c.o. Y Qe, sc? c.o. Y To). In experiment 4 two y females came from one father 
(67h), and the remaining four came from separate fathers (894, 25b, 91b, 99c). 

Tests carried out on the sc* c.o. X chromosomes to demonstrate the presence of 
Y chromosome fertility factors were the same as those employed in the case of sc°EN 
c.o. X’s except that the males tested for fertility carried Dp(1;3)sc™ in addition 
to the recombinant X and Y” or Y°!. This duplication, which carries the tip of the X 
chromosome, through the locus of sc, on the extreme left end of chromosome 3, is 
necessary to cover the deficient euchromatic region of the sc* c.o. X. The three sc* 
c.o. X chromosomes from experiment 3 (E,a, E;b, Po) were found to carry Y® fer- 
tility factors while two of the recombinant Y’s (Q2 and Ty) were found to lack Y* 
fertility factors. From experiment 4 three chromosomes were found to carry Y® 
fertility factors (89a, 91b, 67h(2) but not 25b, 99c or 67h(1)). In no case was the 
presence of Y“ demonstrable. 


POSSIBLE MODES OF Y INVOLVEMENT 


The recombinant X chromosomes recovered from males carrying the distal por- 
tion of In(1)sc* cannot always be shown to involve the Y chromosome. The remainder 
of this paper, however, will concern itself with only those recombinants which can be 
demonstrated to have definitely involved the Y. The question arises 4s to whether 
the methods employed in the detection of Y arm involvement were by any means 
exhaustive; let us consider therefore the possible pairing configurations between the 
distal heterochromatin of In(1)sc? and the Y chromosome and the outcome of ex- 
change in each case. These configurations are shown in figures 2 and 3 for the case of 
In(1)sc*“,EN®, y+ f y males; these figures will suffice also for the case of In(1)sc® 
males if the differences between the proximal ends of In(1)sc* and In(1)EN are kept 
in mind. In the following treatment these differences will be pointed out wherever 
they influence the argument. In figures 2 and 3 Y* and Y™ have not been labelled 
as such; instead the more general terms synaptic arm (Y*™) and asynaptic arm 
(Y**) have been employed (either Y“ or Y® could be either synaptic or asynaptic). 
The synaptic arm may pair with the distal heterochromatin in two ways which may 
be described as eucentric and dyscentric. In those cases in which the ends of the two 
heterochromatic segments nearest the centromere are paired and the ends most re- 
mote from the centromere are paired the pairing is eucentric (see figure 2). Where 
the basal end of one segment pairs with the more remote end of the other segment, 
the pairing is dyscentric (see figure 3). These terms are used by DARLINGTON (1937) 
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FicurE 2. Genetic consequences of eucentric exchange between the distal heterochromatin of 
In(1)sc8“,EN® and the Y chromosome. 


in a somewhat different connotation to describe gene arrangements in structural 
heterozygotes. Eucentric and dyscentric exchange will refer to ordinary exchange 


following these types of pairing. 
Following a somatic exchange there are three possible types of two by two segrega- 
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Ficure 3. Genetic consequences of dyscentric exchange between the distal heterochromatin of 
In(1)sc!“,EN® and the Y chromosome. 
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tion from the tetrad (STERN 1936). The chromatids may separate equationally with 
one recombinant and one non-recombinant proceeding to each pole or the two re- 
combinants may proceed to one pole and the non-recombinants to the other. These 
two types of segregation have been termed the x and z types respectively by Stern, 
and they will be so termed below. The third type of segregation, y, is reductional, 
and according to STERN does not occur. Henceforth only x and z segregation will be 
considered. 


Eucentric pairing 


Consider first the case of exchange proximal to all the fertility factors of Y*. 
This results in a recombinant X and Y. When x type of segregation occurs the re- 
combinant X and the normal Y go to one pole; the resulting cell should give rise to a 
viable clone of cells even though, when the recombinant X has been derived from 
In(1)sc* (Experiments 3 and 4), such a cell is deficient for the y-ac region. Since 
y-ac deficient tissue is not cell lethal in the hypodermis (DEMEREC and HoovEeR 
1936; EpHrusst 1934), it is reasonable to assume that spermatogonial cells carrying 
deficient sc c.o. X chromosomes should be able to proliferate. Such cells, however, 
may be rather inefficient in competition with normal cells, or a critical mass of de- 
ficient tissue may limit the size of clusters obtainable. To the other pole following 
type x segregation proceed the normal X and the recombinant Y; this cell should 
also give rise to a viable clone of cells, but since these cells lack fertility factors of the 
synaptic arm of the Y, whichever it may be, it is probable that they would be sterile. 
STERN and Haporn (1938) have established by transplantation techniques that male 
tissue deficient for Y", occurring contiguously with normal tissue in a mixed testis is 
unable to produce viable sperm as detected by progeny tests. From these results it 
can be said with fair certainty that if Y” is the synaptic arm, the recombinant Y 
chromosomes resulting from eucentric exchange will not be found in functional 
sperm if x type segregation ensues. There must be some point, however, in the lineage 
of a spermatozoon between the germinal primordia and the secondary spermatocyte 
where the Y becomes unnecessary for completion of formation of functional gametes. 
If this point is prior to the first meiotic division the possibility of obtaining Y de- 
ficient primary spermatocytes which will finish normal development still exists. 
It may be reasonable to assume that the same facts outlined above with respect to 
Y" apply equally well to Y°, but experimental evidence is lacking. 

Eucentric exchange and subsequent z segregation result in the passing of the two 
non-recombinant chromatids to one pole and the recombinant chromatids to the 
other; the cell receiving the non-recombinants is of no further interest. The other 
cell still has a complete chromosomal complement and should therefore have no 
difficulty in giving rise to a clone of cells which should yield equal numbers of re- 
combinant X-bearing and recombinant Y-bearing gametes. Assuming x and z segre- 
gation to occur with equal frequencies and Y-deficient cells to be invariably sterile, 
a ratio of 2 recombinant X’s to 1 recombinant Y is expected following eucentric 
exchange, at least from the In(1)sc*“,EN® experiments. In the case of recombinants 
derived from eucentric exchange involving In(1)sc* this ratio may be modified slightly 
toward 1:1 due to the possible selective disadvantage of the y-ac deficient cells re- 
sulting from segregation of type x. 
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How are the above expectations modified by the occurrence of eucentric exchange 
distal to some or all of the Y*"" fertility factors? The resulting r.:combinant X chromo- 
somes would not carry all of the fertility factors of Y*" and, in the event that ex- 
change was distal to all fertility factors, would carry none of them. Most if not all 
such recombinant X chromosomes would undoubtedly have gor > undetected (by the 
method used) as having originated through exchange with the Y chromosome, since 
the test chromosomes (Y” and Y°') probably confer fertility upon males only in the 
presence of all of the fertility factors of the complementary arm. The reciprocal re- 
combinants, on the other hand, would carry all of the fertility factors of Y** plus 
some or all of those of Y*’", and would have been invariably classified as recombinant 
Y’s. This type of event would shift the ratio of recombinant X’s to recombinant Y’s 
in favor of an excess of recombinant Y’s. This would be accomplished by reducing the 
number of detectable recombinant X’s and possibly, in some cases, by increasing the 
likelihood that the recombinant Y-bearing cell derived from type x segregation would 
give rise to a clone of fertile cells. 

The latter type of exchange leads to several experimentally testable expectations. 
First, if exchange were to occur distal to all of the fertility factors of Y*", the re- 
combinant Y should carry a complete complement of fertility factors. Of seven tested 
recombinant Y’s all lacked at least some Y fertility factors; these observations are 
corroborated in at least three additional cases by Smporov (1941) and Crew and 
Lamy (1940). MULLER, however, has recorded a recombinant Y from In(1)sc* which 
carries a full complement of fertility factors (sc*- Y, MULLER 1948). Secondly, if the 
region of the fertility factors on Y*" is pictured as one with several loci between 
which exchange may occur, any recombinant X resulting from exchange within this 
region should be fertile in combination with a recombinant Y arising through ex- 
change at any point distal to that giving rise to the recombinant X, although the 
recombinant X need not be fertile in combination with Y” or Y*!. Consequently, 
roughly half of the combinations of recombinant X/recombinant Y, in which both 
recombinants are derived from exchange within the fertility factor region, should be 
fertile. From 38 recombinant X’s and 7 recombinant Y’s, 227 of the 266 possible 
combinations were tested for fertility. No case of a fertile combination in which the 
recombinant X was not also fertile with Y°' was recorded. 

Dyscentric pairing 

It is seen (figure 3) that dyscentric exchange results in the formation of a dicentric 
and an acentric, with Y*" fertility factors and yt being lost as an acentric in the case 
of exchange proximal to some or all of Y*"" fertility factors. Segregation of type x sends 
non-recombinants to one pole and the intact dicentric to the other. The non-recom- 
binant cell need not be further considered, but the possible products of the dicentric 
are of interest. During the ensuing mitosis the dicentric reduplicates and sister cen- 
tromeres separate, those at one end of the dicentric presumably separating independ- 
ently of those at the other. This being the case, two bridges may be formed as shown 
in figure 3 or one dicentric may proceed, either freely or interlocked with its sister, 
to either pole. Each dicentric that survives a given mitotic dividion intact is again 
subjected to the possibility of bridge formation in the succeeding division. Type z 


ae 
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segregation on the other hand results in the immediate formation of a bridge and the 
passage of the non-recombinant X and Y to opposite poles. 

The subsequent fate of the dicentrics once they have formed bridges must now be 
considered. Some recombinant X’s recovered from the experiments reported in this 
paper are reinverted; this fact leads to the supposition that mitotic bridges may break 
giving rise to fragments which are able in subsequent mitotic divisions to behave as 
normal chromosomal elements. Precedent for such a notion is found in the work of 
STERN (1936) who has described hypodermal spots observed in ring/normal and in- 
version/normal heterozygotes whose explanation demanded rupture of a dicentric 
chromosome formed ‘rough somatic crossing over. It is practical to consider only 
breaks occurring in neterochromatin as is done in figure 3, since cells carrying frag- 
ments resulting from euchromatic breakage, if they were viable and, what is less 
likely, were able to develop into functional gametes, would in the vast majority of 
cases fail to give rise to viable zygotes. 

As pointed out above, segregation of type x following dyscentric exchange results 
in the formation of two bridges in one or more of the succeeding mitoses; these may 
both break to the left of y (Il) or to the right of f (rr), or one may break to the right 
of f while the other breaks to the left of y (rl). Examination of Figure 3 reveals that 
rr or ll breakage arrangements result only in cells with incomplete Y’s, which prob- 
ably, therefore, never yield functional gametes; breakage of interlocked dicentrics 
yields cells similarly Y deficient. Bridge breakage of the rl type also results in a cell 
lacking a complete Y chromosome, but this cell is of the constitution 2X:2A. Two 
questions may be asked about a cell of this nature: Do patches of genetically female 
cells arising premeiotically in a testis complete spermatogenesis? If so, do such cells 
require all or part of a Y chromosome for fertility? The answer to the first question is 
affirmative; NEUHAUS (1937) has reported clusters of attached X females among the 
progeny of males carrying X - YS; these attached X’s are presumably products of eucen- 
iric exchange between the Y® arm of one chromatid of the X-Y® and the basal 
heterochromatin of its sister. Disjunction should occur such that an attached X 
passes to one pole, and a Y*- Y* chromosome passes to the other; the free Y chromo- 
some should undergo normal mitotic division sending a chromatid to each pole. 
In some of his experiments NEUHAUS used X-Y*%/Y males and in others he used 
X- Y/Y" males, but he fails to specify whether clusters of attached X’s were re- 
covered from one or both types. This point is important with respect to the second 
question raised above; if any such clusters were recorded from X-Y*°/Y* males, the 
unimportance of Y® in conferring fertility upon 2X:2A spermatogonial cells would 
be indicated. Type z segregation followed by r breakage of the bridge thus formed 
yields one cell lacking Y*’" and another with a non-recombinant Y plus an X derived 
from bridge breakage; this cell should be able to give rise to recombinant X-bearing 
gametes. | breakage yields a 2X:2A cell subject to the same questions as similar 
cells arising from x segregation. 

Examination of figure 3 reveals that only one type of recombinant would be re- 
covered with certainty following the types of events described above; this is the X 
fragment resulting from z segregation followed by r breakage. Such a fragment would 
carry no Y arm and hence would be indistinguishable from the many recombinants 
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recovered in which Y chromosome involvement could not be demonstrated. The 
recombinant types which would be recoverable if the 2X:2A cells in question gave 
rise to viable gametes are of two types. One is identical to that recovered from z 
segregation followed by r breakage, and the other is a reinverted chromosome carry- 
ing a complete Y arm proximally as a second arm. All of the recombinant X’s were 
tested for sequence by crossover tests with normal and In(1)sc* sequences; all of 
those which carry Y® were found to have retained their inverted sequence and to 
carry the Y® fertility factors distally. Also none were found cytologically to carry a 
second arm. 

As in the case of eucentric exchange, the question of exchange distal to Y fertility 
factors is important in a treatment of dyscentric exchange. The foregoing discussion 
has considered exchange proximal in Y*" to some or all of the fertility factors; how 
is this discussion modified in the case of exchange distal to all fertility factors? Such 
exchange would result in the inclusion of all of the fertility factors of Y*’" in the 
bridge; subsequent | breakage would give rise to a reinverted X with a complete Y 
chromosome proximally located. Viable and fertile cells containing such an X would 
be produced by x segregation followed by Il breakage; also 2X: 2A cells carrying such 
an X would result from z segregation followed by r breakage. No such recombinant 
has been found, however. Breakage at the right end of a bridge containing the fertility 
factors of Y*" would yield different results depending upon which side of the fertility 
factors the break were to occur. Fragmentation to the right of all of the fertility 
factors would yield an X with Y**" carried distally; such a fragment would occur in 
1X:2A cells with a full Y complement following x segregation and rr breakage and 
following z segregation and r breakage, or in 2X: 2A cells with a full Y complement 
following x segregation followed by rl breakage. Fragmentation to the left of the 
fertility factors would not yield any new types of recombinants, but it would confer 
fertility upon the cell bearing an X fragment with no Y arm resulting from x segre- 
gation followed by rr breakage. It is evident that dyscentric exchange distal to the 
fertility factors of Y* gives rise to a bridge which, if broken at the right and to the 
right of the included fertility factors, yields a product which is indistinguishable from 
recombinant X’s postulated as coming from eucentric exchange proximal to the 
fertility factors of YY". When the break is to the left of the fertility factors, however, 
a product indistinguishable from those recombinant X’s not demonstrably involving 
the Y results. Breakage at the left end of such a bridge yields a product not yet re- 
covered. Since there is no a priori reason for expecting breakage of such a bridge to 
occur preferentially at one end, the absence of the latter type of product can prob- 
ably be taken as an indication that few if any of the products recovered arose follow- 
ing such a dyscentric exchange. 

It should be profitable to review now the various recombinants which have in- 
volved the Y chromosome in view of the foregoing discussion. All of the recombinant 
Y’s must have originated through eucentric exchange, since they carry the plus allele 
of y which is invariably lost as an acentric following dyscentric exchange. Of seven 
recombinant Y’s tested (three from In(1)sc*“,EN® males, two from In(1)sc* males 
and two from In(1)scS' males (MuLLER-5)), all lacked Y° fertility factors while carrying 
all of those normally found on Y"; in all seven cases, therefore, the short arm of the 
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Y was the synaptic arm. It seems likely that in every case exchange was proximal to 
all of the fertility factors since each was sterile in all combinations tested with 27 
recombinant X’s which were known to be sterile with Y“'. 

The interpretation of the recombinant X’s is more complicated; of thirty-four re- 
covered from In(1)sc*“,EN® males four could be demonstrated to carry all of the 
fertility factors of Y* as could six out of ten recombinant X’s recovered from In(1)sc® 
males; none however could be demonstrated to carry Y" fertility factors. Since each 
of the ten recombinant X’s carrying Y® still retains its original inverted sequence and 
carries Y® distally, all must have originated through eucentric exchange proximal 
to the fertility factors or dyscentric exchange distal to the fertility factors; in either 
event, however, Y® must have been the synaptic arm. As stated previously, dyscen- 
tric exchange distal to Y*™ fertility factors produces a bridge within which lie all the 
Y*"" fertility factors, and since there is no reason to believe that breakage of a bridge 
should occur preferentially at one end or the other, the absence of the one distinctive 
bridge breakage product among the recombinants studied probably indicates that 
breakage of this particular type of bridge contributes little if at all to the recom- 
binants recovered. Consequently the recombinant X’s which carry Y° must have 
arisen preponderantly through eucentric exchange. One of these recombinant X’s 
however, may have arisen through such dyscentric exchange. sc® c.o. X’s 67h(1) and 
67h(2) were recovered from the same father; 67h(1) is inverted and does not carry 
all fertility factors of either arm, and 67h(2) is inverted and carries all fertility factors 
of Y® distally. Although these recombinants are readily explainable by postulating 
two events, if possible the occurrence of two recombinants from a single male should 
be explained as the consequence of a single event rather than two independent and 
rather rare events. The only scheme (see figure 3) that seems to account for all of 
the observations is as follows: (1) Dyscentric exchange between sc* heterochromatin 
and Y° distal to fertility factors followed by x segregation. (2) Separation of two in- 
tact dicentrics for at least one subsequent mitosis. (3) Formation of two cells which 
produce double bridges at anaphase. (a) rr breakage of the bridges of one cell to the 
right of the fertility factors such that each daughter cell receives Y" from one bridge 
and an inverted X with Y® fertility factors distally located (67h(1)) from the other; 
and (b) rr breakage of the bridges of another cell to the left of the fertility factors 
such that each daughter cell receives a recombinant X lacking Y® fertility factors 
(67(2)) from one bridge and a complete Y from the other. 

A second cluster of interest is E,; this cluster was recovered from experiment 3 
and consisted of two y females which carried recombinant X’s with Y® located dis- 
tally, and one B male which was presumed to be of the constitution YSX-Y", 
In(1)EN, B y/sc® c.o. Y. This male was crossed to attached X females; the F; con- 
sisted of matroclinous females and B males. The y* allele which was presumed to have 
originated from the paternal In(1)sc* chromosome appeared to be segregating with 
the maternal YSX-Y" chromosome. The possibility of reverse mutation of y in 
Y°X-Y" was considered, but further analysis showed that this chromosome is the 
Y®X-Y", In(1)EN, B y chromosome, but with the terminal Y* replaced by the y+ 
from In(1)sc*. The following events may be postulated to account for this unusual 
combination of maternal and paternal chromosome elements; The original zygote 
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received a sc* c.o. Y from its father and a YSX-Y", In(1)EN, B y chromosome from 
its mother; in one of the early cleavage divisions eucentric exchange between the 
Y® arm of the sc® c.o. Y and the distal Y* of the YSX-Y" chromosome occurred. 
Subsequent segregation of type z resulted in daughter cells of the composition 
X-Y", In(i)sc®*,EN®, y+ B y/Y and YSX-Y", In(1)EN, B y/sc® c.o. Y. Only the 
former type gave rise to germinal primordia, whereas both types could have par- 
ticipated in hypodermis formation, since they both are y+ B in phenotype. That such 
an exchange can occur in early cleavage is testified to by the fact that a patroclinous 
son has been recovered from an In(1)sc**,EN® male which was bilaterally mosaic 
for y and yt; this male when crossed to attached X females produced only recom- 
binant X sons. 

Finally it should be reemphasized that the only product of bridge breakage follow- 
ing dyscentric exchange proximal to Y*’" fertility factors which one would expect with 
certainty to give rise to functional gametes is one which cannot be demonstrated to 
have involved the Y. It is therefore not possible to properly assess the role of dyscen- 
tric exchange between X and Y in the formation of recombinant X’s. Some propor- 
tion of the recombinant X’s which cannot be demonstrated to have involved the Y 
may actually be products of dyscentric exchange. 


Ss 
SPECIFICITY OF Y 


The present paper considers sixteen cases of recombination between the distal 
heterochromatin of In(1)sc* or In(1)sc*! and the Y chromosome. Each of these cases 
has involved the short arm of the Y. To this list can be added six recombinant X’s 
and at least two recombinant Y’s reported by Stporov (1941) and the recombinant 
Y reported by Crew and Lamy (1940), or a total of 24 cases of exchange involving the 
short arm of the Y. The only recorded exception to the generalization that Y® is 
the synaptic arm is the case of sc*- Y of MULLER (1948); here the exchange seems to 
have involved Y™ distal to the fertility factors. Exchange giving rise to hetero- 
chromatic recombinants is probably a function of mitotic pairing of the regions in- 
volved, and it may be that the preferential involvement of Y* in such exchange pro- 
vides a measure of competitive pairing abilities of Y° and Y" in the situation studied; 
this homology indicated by pairing need not, however, be correlated with the degree 
of genetic homology between a given Y arm and the X heterochromatin. 


HOMOLOGOUS VERSUS NON HOMOLOGOUS EXCHANGE 


As mentioned earlier, exchange between the distal heterochromatic region of 
In(1)sc® and Y® in such a way that two monocentric recombinants are formed sug- 
gests non-homologous pairing. Such a suggestion, however, presupposes some knowl- 
edge of homologous pairing, but, as will be pointed out in the discussion, little is 
known of the nature of the homologous region shared by X and Y. 

Let us investigate, however, the possibility of differentiating between the alter- 
natives of strictly homologous exchange and indiscriminant non-homologous ex- 
change, without assuming anything as to the nature or extent of the homologies be- 
tween X heterochromatin and Y*. With respect to the first possibility, regardless of 
how these homologous regions are split up and rearranged, there will exist regions of 
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Ficure 4. Schematic representation of the consequences of exchange between regions of un- 
interrupted eucentric homology (UEH). 


uninterrupted homology; the size and number of these regions will depend on the 
complexities of the sequential differences between the X heterochromatin and Y® 
A region of uninterrupted homology in the X may be inverted or not with respect to 
its counterpart in Y° so that homologous pairing may be dyscentric or eucentric. 
For convenience, let us confine our attention to regions of uninterrupted eucentric 
homology (= UEH regions). It should be pointed out that a region which is not a 
UEH region in a normal male may become so in a sc® male, because it is reversed by 
the inversion. 

Figure 4 is a generalized diagram of the outcome of exchange within UEH regions. 
A, B, C, and D represent regions completely outside of the region of homology, for 
example the euchromatin (A) and the centromere (B) of a normal X chromosome 
(y-ac (A) and the rest of the euchromatin and the centromere (B) of In(1)sc*) and the 
y*® specific fertility factors (C) and the Y centromere and Y” (D). Regions 1, 2, 3, 
and 4, on the other hand, represent portions of the homologous regions outside the 
particular UEH region in question. Whereas A, B, C, and D are constant, the extent 
of 1, 2, 3, and 4, must differ with each different UEH region. Examination of the 
figure reveals that any exchange within the UEH region yields two and only two re- 
combinant types of constitution A 1 UEH 4 D and C 3 UEH 2 B (i.e., only one re- 
combinant X and one recombinant Y). Said in another way, one can demonstrate as 
many different UEH regions as he can demonstrate different classes of recombinant 
Y’s, or, similarly, recombinant X’s. If the number of classes of recombinants indi- 
cates that the number of UEH regions is large, the notion of strictly homologous 
pairing becomes less convincing than that of non-homologous pairing, especially since 
this region is represented by 8-10 polytene chromosome bands (PROKOFYEVA- 
BELGOVSKAYA 1937). It might be mentioned that the same argument applies to the 
dicentric chromosomes formed by dyscentric exchange between X and Y, but break- 
age at different levels of the bridges subsequently formed would obscure any regu- 
larities in classes of dicentric chromosomes. The generalization outlined above holds 
strictly only for a particular X and a particular Y; the possibility should be pointed 
out, however, that different Y’s or for that matter the heterochromatin of different 
sc® stocks may differ sequentially. Such a complication could result in variations in 
the constitution of regions 1, 2, 3 and 4 from chromosome to chromosome with re- 
spect to the same UEH region; consequently recombinant X’s or recombinant Y’s 
derived from exchange within the same UEH region in chromosomes of different 
origin need not in the final analysis be identical. 

In view of the relationships discussed in the preceding paragraphs, a thorough 
examination of recombinants between X and Y®° was undertaken with the hope of 
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being able to subdivide them into several classes. Since the homologous regions of the 
X and Y chromosomes used were not known to differ with respect to any markers, 
duplications and deficiencies for known markers were the only possible criteria. Al- 
though little is known of the homologies between X and Y, the known order of 
heterochromatic factors in the X chromosome permits predictions to be made as to 
the most likely types of duplications and deficiencies to be observed among the re- 
combinants studied. A tentative order of useful landmarks in the X heterochromatin 
is, from left to right in a normal sequence, b+, nucleolus organizer (NO) (see Kaur- 
MANN 1944), block A, block B (as defined by MULLER et al. 1937), the right breaks 
of In(1)sc* and In(1)sc™, block B (as defined by GERSHENSON, 1940). Since methods 
of detecting block B are poorly defined it will henceforth be omitted from the dis- 
cussion. The order of factors in the distal heterochromatin of In(1)sc’ is block A most 
distally, nucleolus organizer, and bb*+ most proximally. If in figure 4 A represents the 
y ac region of In(1)sc* and B the portion of In(1)sc* proximal to the distal hetero- 
chromatic segment, for any UEH region the known heterochromatic factor most likely 
to lie in region 1 is block A and the most likely factor to be found in region 2 is 
bb+. The factor which any recombinant Y is least likely to have picked up from the 
X, therefore, is bb+, while the factor that recombinant X’s are most likely to have 
lost is block A. These losses, of course, may well have been compensated for by the 
contribution of the Y to a particular recombinant. Each recombinant Y was com- 
bined with In(1)sc*”,sc**, a chromosome deficient for the region including bb NO 
bkA. Six of seven cases studied gave rise to viable but sterile males; the seventh com- 
bination (B-2) was lethal. Recombinant B-2 in combination with 6b gives flies which 
are phenotypically bobbed and in combination with bb’ (= bobbed lethal) is lethal. 
With the reservation mentioned above with respect to sequentially different X’s 
or Y’s, these two types of recombinant Y’s define two different UEH regions; that 
defined by the first six is located such that at least one 0d locus is contained in region 
1, UEH, or 4, whereas that defined by the bobbed deficient recombinant Y is located 
such that the bd loci of X and Y are located in regions 2 and 3 respectively. Of eleven 
recombinant X’s carrying Y°, nine were tested as XO males and found to be viable 
and normal in phenotype; they were, therefore, not deficient for any genetically de- 
monstrable heterochromatic factors. Those derived from In(1)sc8",EN® had to have 
the unknown heterochromatic right end replaced by that of In(1)sc® before the 
above observations could be meaningful; furthermore the XO males had to carry 
Dp(1; 3)sc"* to eliminate inviability caused by deficiency for y-ac. 

The presence of block A is not subject to genetic test since, as defined by MULLER 
et al. (1937), it is necessary for neither viability nor fertility. A cytological examina- 
tion of all of the chromosomes discussed above was undertaken to observe the dis- 
tribution of block A among the recombinants. The material chosen was prophase of 
larval neuroblasts, since the contrast between euchromatin and heterochromatin is 
so marked at this stage. A normal X chromosome consists of an attenuated euchro- 
matic portion of variable length, depending upon how far prophase has advanced, 
and of three terminal heterochromatic segments separated by two constrictions. 
The first segment is extremely small and is separated from the other two by the 
primary constriction; this segment is the short arm of the X and is undetectable in 
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many cells. The other two segments are approximately equal in size and are slightly 
larger than the fourth chromosomes. They are separated by the nucleolar constric- 
tion which in early prophase is often a gap of considerable size. The right break of 
In(1)sc* is in the more proximal of the two large segments so close to the primary 
constriction as to leave only a minute portion of this segment proximally; the right 
break of In(1)sc™’, on the other hand, is in the same segment but so close to the 
nucleolar constriction as to remove only a minute portion of this segment distally 
(CoopER—personal communication). It is the region between these two breaks that 
has been defined as block A (plus block B) by Mutter et al. (1937). All eleven re- 
combinant X’s carrying Y° are indistinguishable from In(1)sc’; i. e., they carry dis- 
tally two large heterochromatic segments which do not differ appreciably in size. 
Even in early prophase the Y chromosome is quite fully condensed, and often not 
bent at the primary constriction. This makes it rather refractory for cytological 
study; none of the seven recombinant Y’s, however, was found to differ appreciably 
in morphology from a normal Y chromosome. These observations, then, fail to fur- 
ther subdivide the classes of recombinant X’s or Y’s. 

The recombinant Y recovered by CREw and Lamy (1940) from In(1)sc™ has been 
reported by them to be a rod shaped chromosome. PONTECORVO, however, describ- 
ing the same chromosome later (1940) reported that it is a V-shaped chromosome 
with one arm being Y“ and the other being equal to or a little greater in length than 
a normal X. In either event the above case is in a different class from the two classes 
of recombinant Y’s discussed above, both of which resemble a normal Y cytologi- 
cally. 

The results of NEuHAus (1937—see discussion) concerning exchange between 
the heterochromatin of a normal X and Y° demonstrate a UEH region which includes 
the locus of 6b or two UEH regions, one on either side of the 5d locus, but proximal 
to the fertility factors of Y°. Since a region which is UEH in a normal sequence can- 
not by definition be UEH in inverted sequence, NEUHAUS’ results demonstrate a 
fourth region of uninterrupted homology. Furthermore, if the explanation proposed 
above for cluster 67h is correct a fifth region of uninterrupted homology distal to 
the fertility factors of Y° and distal to bb VO and probably bkA of In(1)sc* is indi- 
cated. The seriousness of the ambiguity posed by the fact that these five regions of 
uninterrupted homology have been inferred from a consideration of recombinants 
from more than five different crosses in which Y’s of different origin have been used 
is difficult to assess. 


DISCUSSION 
Evidence in favor of homology between the X and Y chromosomes is forthcoming 
from many kinds of observations. The homologies indicated are of two types, genetic 
and pairing. Genetic homologies, i.e., the sharing of similar loci, are primarily demon- 
strated by genetic methods. Strictly speaking, pairing homologies can be demon- 
strated only cytologically, but presumably they are correlated with disjunctional 
behavior and exchange behavior. The extent of the correlation between genetic 


homology and pairing homology is of interest. 
Evidence favoring genetic homology between X and Y is found in the demonstra- 
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tion of similar genetic factors in both chromosomes. As shown by STERN (1927) both 
the X and the Y chromosomes carry the locus for bobbed. From a cross of y bb/Y 
males to attached X females carrying the short arm of the Y (Y*), Neunavs (1937) 
checked 26,557 F, males for fertility; among these six fertile males were found which 
carried X - Y". These chromosomes had presumably arisen through exchange between 
X heterochromatin and Y*, and should, therefore, have carried all of the long arm 
of the Y. Four of the six carried 6+ and two carried bb; this indicates that Y° must 
carry bb+. An ambiguity, but probably not a serious one, is introduced by the pos- 
sible origin of X-Y" through exchange between Y” and the right arm of the X. In 
earlier crosses NEUHAUS (1936) had obtained from homozygous X-Y* females rod 
shaped Y” chromosomes; from the fact that males carrying bb'/Y" were extreme bd in 
phenotype he concluded that Y“ carries an extreme allele of bb. The latter observa- 
tions are puzzling for a number of reasons and his conclusions may not be valid. An 
indication of the latter point is the fact that MuLLER’s Y°', which almost certainly 
carries all of Y“ from the centromere to the fertility factors inclusively and at least 
part of Y° is lethal in combination with 5b! and not viable as would be expected if 
Y°' carries a bd locus. 

BESMERTNAIA (1934) working with DuBININ noticed that some translocations 
involving the Y chromosome and chromosome II or III, which were fertile in normal 
males, were sterile or partially sterile in bb““/ males. It is possible that these observa- 
tions indicate allelism of certain fertility factors on X and Y; they may, however, 
indicate some phenomenon of more general significance. Among eight Y; 4 transloca- 
tions which were fertile in normal males, NEuHAus (1939) found one to be sterile in 
bb"! males. This translocation could be shown to involve the long arm of the Y. 

One further indication of the homology between the Y chromosome and the hetero- 
chromatin of the X is the cytological demonstration of the presence of the nucleolus 
organizing region at the base of the X and in the short arm of the Y chromosome 
(Hertz 1933). 

Although ample evidence exists favoring genetic homology between X and Y, 
practically nothing can be said with respect to the extent or the arrangement of the 
homologous regions. A fair amount of information is available concerning the linear 
distribution of the known heterochromatic factors in the X chromosome, but com- 
parable data for the Y are by and large non-existent. NEUHAUS (1939) has, on the 
basis of the fertility of males carrying different combinations of Y; 4 translocations, 
designated ten fertility factors, five located distally on Y“ and five located distally 
on Y*. He has provisionally placed one of the alleles of bb immediately proximal to 
the proximal most fertility factor of each arm. His reasons for doing so, however, 
have not been clearly stated. 

The normal disjunction of X from Y in males and the abnormal disjunction of 
X from X in XXY females (secondary non-disjunction, BrrpcEs 1916) demonstrate 
genetically a pairing relationship between X and Y. That the heterochromatic region 
of the X is involved in this relationship was demonstrated by MULLER and PAINTER 
(1932) who showed that the right portion of an X involved in a T(1;4) with one break 
in the region of f segregates fairly regularly from the Y chromosome, whereas the 
left portion segregates essentially at random with respect to the Y. Furthermore it 
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has been shown that X-Y disjunction in males carrying an X chromosome lacking 
a major portion of the heterochromatic region (i.e., In(1)sc*”,sc*®) is distinctly ab- 
normal (GERSHENSON 1934; SANDLER and BRAVER 1954). These observations receive 
cytological corroboration in the studies of spermatogenesis by Cooper (1949) who 
observed 100% X-Y associations at first meiotic metaphase; the two chromosomes 
were associated over but a small proportion of their length, conjugation being pre- 
ponderantly interstitial in the X and proximal in the Y. That these associations may 
not, however be strictly comparable to homologous pairing, in the generally accepted 
sense of the word is testified to by the fact that the entire sex chromosome comple- 
ment is always associated into a multivalent in XYY and XYYY males. Cooper 
(1951, and unpublished) has furthermore stated that associations between X and Y 
involve specific heterochromatic regions (collochores) and are such that any collo- 
chore on the X may become associated with any collochore on the Y, or, in the case 
of an inverted X in which the right break is in the heterochromatin, a distally located 
collochore on the X may become associated with a proximally located collochore on 
the same X. From studies of the rates of secondary non-disjunction in males and 
females hyperploid for various portions of the heterochromatic regions of the X 
chromosome present as free fragments, GERSHENSON (1940) has inferred an array 
of pairing loci similar in distribution to CooPEr’s collochores. 

In studies of polytene chromosomes, PROKOFYEVA-BELGOVSKAYA (1937) has 
observed strict band for band pairing between X and Y over the entire heterochro- 
matic region of the X, a section of eight to ten bands in the chromocenter. No indi- 
cation of the two armed nature of the Y chromosome was demonstrable; in fact 
configurations involving Y fragments which were presumed to carry a single arm 
were indistinguishable from those involving intact Y chromosomes. 

Studies of exchange between X and Y, with respect to homologies indicated, have 
generally been fraught with ambiguities; some of these difficulties were mentioned 
briefly in the introduction to this paper and others have been treated in detail 
throughout the preceding pages. Cases of exchange between a normal X and a nor- 
mal Y have been recorded; the first was probably XY’ reported by STERN (1929). 
This is an X chromosome with Y“ appended as a second arm; it was derived from a 
bb/Y male and is itself 55+ in phenotype. Similar cases of recovery of X- Y" chromo- 
somes from normal males have been recorded by NEuHAusS (1937—see above). In 
these cases, as in those reported in the present work Y° was the synaptic'arm, but 
not necessarily to the exclusion of Y™ since the crosses employed by NEUHAUS were 
such that X-Y* would not have been recovered. Conclusions drawn from recombi- 
nants derived from a two-armed X should be viewed with caution for two reasons. 
First, studies of exchange between two-armed X’s (e.g., Dp(1;1)Theta—STern and 
Doan 1936, and attached X’s—KAuFMANN 1933 and NeunAus 1935 and 1936) and 
the Y may theoretically involve either arm of each chromosome; if for instance the 
short arm of Theta were to undergo exchange with the short arm of the Y the re- 
sulting recombinants would be indistinguishable from those arising by exchange 
between the long arm of Theta and the long arm of the Y. The above investigators 
have, of course, recognized this difficulty. The extent to which the right arm of the 
normal X poses the same difficulty is probably slight. A second and less generally 
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recognized difficulty with two armed X’s is that they almost certainly carry the Y 
centromere and at least the proximal regions of each Y arm. This situation has been 
clearly demonstrated by Mrs. Morcan (1938) in her descriptions of the origin of 
several independently recovered attached X chromosomes. A difference between 
the centromere regions of one-armed and two-armed X’s has also been demonstrated 
by Novitski (1952) with respect to their behavior in double first anaphase bridges. 
It is possible, therefore, that some cases of exchange between a two-armed X and 
a Y involve regions of Y origin exclusively, regions, furthermore, which may not 
undergo exchange with the X. Products of such an exchange would not differ detec- 
tably from recombinants arising by X-Y exchange. One can imagine also regions 
shared by Y° and Y” which can undergo exchange. If such regions exist data on ex- 
change between the arms of a two-armed X (see NEUHAUS 1936, 1937) are subject 
to the same ambiguity as that mentioned above with respect to exchange between 
a two-armed X and the Y. 

The experiments described in this paper definitely seem to demonstrate preferen- 
tial participation of the short arm of the Y chromosome in exchange with the distal 
heterochromatin of In(1)sc*. It is furthermore suggested that such exchange might 
not necessarily involve strictly homologous regions of the chromosomes. This con- 
tention is not considered to have been demonstrated indisputably, but it is felt that 
a proper experimental approach to the question has been presented. In view of 
Cooper’s observations on specific but apparently non-homologous associations be- 
tween collochores, an attractive hypothesis is that heterochromatic regions in gen- 
eral form specific but non-homologous associations (e.g., chromocenter formation) 
and, given the proper conditions, may subsequently undergo non-homologous ex- 
change. A corollary to this hypothesis might be that what has been termed above 
pairing homology should better be thought of as a non-homologous pairing specific- 
ity when heterochromatin is involved, and it might follow that disjunctional be- 
havior, insofar as it is conditioned by heterochromatic regions, is more closely cor- 
related with these pairing specificities than it is with genetic homology. Heterochro- 
matic exchange is not known to differ qualitatively between males and females or 
between meiotic and mitotic divisions; consequently the above hypothesis may be 
considered to apply equally well to all cases. It may be that in the future information 
will become available which will require certain qualifications to be made with re- 
spect to the general nature of the hypothesis proposed above. 


SUMMARY 


Spermatogonial exchange may occur between the heterochromatic segment of the 
X chromosome shifted distally by In(1)sc* and the Y chromosome. This exchange 
may occur in such a way that two monocentric recombinants result; one is a Y chro- 
mosome carrying the euchromatic region distal to the distal heterochromatin of 
In(1)sc* (y+ and act) in place of the distal portion of one of its arms. This arm was 
the short arm in seven cases studied. The other recombinant is an X chromosome 
lacking y* and act but carrying distally the distal portion of one of the arms of the 
Y. This has been Y* in ten cases tested. It is possible that exchange may also occur 
such that one dicentric and one acentric recombinant are formed. 
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It is shown that for a given X and Y, if strictly homologous pairing and exchange 
occur, the number of different types of recombinants recovered provides a direct 
measure of the number of differences in sequence between the two heterochromatic 
segments. If this number becomes large, on the basis of the knowledge that the re- 
gion involved is of no more than eight to ten salivary chromosome bands in length, 
the case for strictly homologous exchange becomes less convincing than that for 
non-homologous exchange. At most five such segments have been demonstrated, 
and on the basis of this finding the hypothesis has tentatively been advanced that 
pairing and subsequent exchange and/or disjunction involving heterochromatic 
regions are conditioned by non-homologous but heterochromatin-specific forces. 
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NVESTIGATIONS of quantitative inheritance in corn have been in progress at 
the North Carolina Experiment Station for the past seven years. While data 
have been collected on a number of characters, the primary objectives have been 
(a) measurement of the additive genetic variance in grain yield in corn populations 
and (b) estimation of the level of dominance involved in the action of genes affect- 
ing grain yield. Previous reports, ROBINSON ef al. (1949) and GARDNER et al. (1953) 
have related to studies on hybrid populations derived from single crosses of inbred 
lines. They have been consistent and can be briefly summarized. 

(a) Estimates of additive genetic variance have been large enough to indicate 
that selection, either single plant or among progenies, should be effective in 
improving the yield of such hybrid populations. Selection studies, designed 
for comparison of actual with predicted progress and to indicate the rate at 
which additive genetic variance is dissipated, are in progress. 

(b) Estimates of the average dominance of yield genes have been in the over- 
dominance range. However, it was recognized from the outset that both link- 
age and interaction of non-allelic genes were possible sources of upward bias 
in these estimates. Thus, strictly speaking, the results serve only to indicate 
an upper limit for dominance in yield inheritance and by themselves do not 
constitute final evidence for overdominance. 

Complementary work with open-pollinated varieties was initiated in 1949. Early 
corn breeding experience had led to the widespread belief that selection for yield 
in adapted varieties is essentially ineffective. However, there is known to be con- 
siderable intra-variety genetic variation. Why should selection be ineffective? A pos- 
sible explanation has been provided by Hutt (1945) who postulates in effect that 
the genetic variance in such populations is largely non-additive and hence that prog- 
ress through selection should not be expected. He points out that corn and corn 
varieties have been under selection for yield for years past. Assuming partial or 
complete dominance, the effect of continued selection on the population frequencies 
of a pair of alleles should be to cause the frequency of the more favorable, the plus, 
allele to approach ever closer to one until very little genetic variation of any sort 
remains. However, assuming overdominance the result is different. Because the 
heterozygote is favored, the effect of selection is toward holding both alleles in the 
population, rather than toward eliminating one of them; the population gene fre- 
quencies gravitate toward an equilibrium at intermediate values for both alleles. 


1 Contribution from the Departments of Experimental Statistics and Agronomy, North Carolina 
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When this equilibrium is reached, selection has no further effect. Both alleles remain 
in the population, but, while it was not stated in these terms by HULL, the genetic 
variance produced by their segregation is dominance variance; at most only a trivial 
amount of additive genetic variance remains. 

This explanation, for which supporting arguments have been advanced by Crow 
(1948), BrrEGER (1950), and some of the contributions to HETEROSIS (1952), imme- 
diately suggests that the nature of genetic variance in open-pollinated varieties be 
examined. Clearly, to find considerable dominance variance but only a negligible 
amount of additive genetic variance would constitute strong supporting evidence 
for the overdominance theory. Because of the extended opportunities for recombina- 
tions to bring linkage relations in varieties to equilibrium, no complications from 
linkages are to be expected. By equilibrium in the linkage relation between two loci 
is meant a state where the relative frequency of the four kind of gametes AB, Ad, 
aB, and ab is gage, 9a(1 — Qe), (1 — ga)ge and (1 — g,)(1 — gs) as when there is 
independent segregation. g, is the frequency of A and gz the frequency of B. 


MATERIALS AND METHODS 


Biparental progenies were made within the Jarvis, Weekley and Indian Chief 
varieties as described for the study reported by RoBINson ef al. (1949). Each plant 
used as a male or staminate parent was crossed with four plants used as female or 
pistillate parents. Sixty-four such male groups or a total of 256 crosses were made 
within each of the Jarvis and Weekley varieties in 1949 which constituted the first 
of two samples of biparental matings made in these varieties. Four male groups, 
four progenies per male, were randomly chosen to form a block of 16 progenies and 
were tested with two replications, giving a block of 32 plots. A total of 16 such blocks 
of material were used within each of the two populations, making a total of 512 
plots in each population. The same progenies tested in 1950 were tested in 1951, a 
new randomization within blocks being used the second year. The same type of bi- 
parental matings were made again in the Jarvis and Weekley varieties in 1951 to 
give a second sample of 256 crosses in each of these varieties. At the same time 512 
such biparental crosses. were made within the Indian Chief variety. These crosses 
were tested in 1952 and retested in 1953 with an arrangement of the progenies within 
each population similar to that described for the 1950 and 1951 tests. The studies 
were conducted in Wake County, North Carolina, and on the same farm in 1953 as 
in 1951 but on a different farm in each of the other two years. Plots were two rows 
wide and 10 hills long with three feet between rows and plants spaced 18 inches 
within rows. 

Data were taken on date of flowering, plant height, ear height, kernel row number, 
number of ears, ear length, ear diameter and yield of ear corn in the Jarvis and 
Weekley populations. Five of the same characters were measured in the Indian 
Chief progenies, omitting kernel row number, ear length and ear diameter. Date of 
flowering was recorded by plots at the time when approximately 50% of the plants 
were shedding pollen. The data on all other characters were based on 10 competitive 
plants in each plot wherever possible. Plant and ear height were measured in inches 
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from ground level to the tip of the tassel and uppermost ear bearing node, respec- 
tively. Data on kernel row number, ear length and ear diameter were taken on only 
the topmost ear of the plant and the measurements taken to the nearest one-tenth 
inch. Data on number of ears and yield were based on all ears. Yield was measured 
on ear corn and recorded in pounds. 

Plot values were obtained by dividing the total for a plot by the number of com- 
petitive plants that contributed to the total. Individual plant data (except in the 
case of date of flowering) on approximately every 12th plot were used for estimation 
of plant-to-plant variability within the plots. 

Data for each of the characters of each sample of progenies in a population were 
analyzed by individual blocks and the results pooled to give the combined analysis 
for two years. The form of the analysis is given in table 1. 

Under assumptions listed by Comstock and Rosinson (1952), the variance of 


TABLE 1 


Form of the analysis of variance computed for data for each sample of biparental progenies 
in three cpen-pollinated varieties of prolific corn 








Source of variation D. F. M. S. | M. S. Expectations 
Years i-1 
Blocks | b—1 
Years x blocks | (¢ — 1)(6 — 1) 
Reps in blocks in years | bt(r — 1) 
Males in blocks | b(m — 1) | My | ov/k + 02 + rofy + riley + rnony + 
| tno’, 
Females in males in blocks | bm(n — 1) M, o,/k + s. + royy + ria} 
Years x males in blocks | b(m — 1)(¢ — 1) | Ms | ou/k + 0% + roy + rnomy 
Years x females in males | bm(n —1)(¢— 1) | Mg ow/k + 0% + rofy 
Pooled error bt(mn — 1)(r — 1) | Ms | o./k + Ps 
Total bimnr — 1 








Plants in plots 


KEY TO TABLE 1 


t = years = 2 
b = blocks per year = 16, except 32 for Indian Chief 
r = replications per block = 2 
m = male groups in a block = 4 
n = females per male = 4 
ki = number of plants in it* plot on which individual plant data were taken 
k = harmonic mean of the number of plants per plot 
o, = the sum of intra-plot environmental variance and the genetic variance among individuals 


of the same progeny 
o. = the variance of plot effects 
Oty = variance due to interaction between female effects and environment as it varied between 
years. 
omy = the interaction variance between male effects and environments 
a; = the variance of female effects 
om = the variance of male effects 





. 
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2 ™ . @,° . ‘ 2, 
male effects (c,,) equals one-fourth of the additive genetic variance (¢,), and the 
variance of female effects (¢;) equals one-fourth the additive genetic variance plus 
one-fourth the dominance variance (¢,). Symbolically, 
7 i. ee 
Tm = 49%% 
2 1.2 1.2 
Gs = a" 49d 
2 2 a) . . 2 e 9 2 — 

so that o, = 4o,, . The dominance variance, og , is equal to 4(¢7 — om) and the ratio 
of o4 to a, , the quantity of primary interest in this study, is 


9 2 
Od of — Om = f 


o 
eee 
og 


o; on 


yw 


a 


. « ° ° 2 2 ° ° 
Procedure in estimation was to estimate a, and o; , and then to substitute estimates 
e e,e ° ° . . 2 2 2.3 
of these quantities in the above expressions to obtain estimates of o, , oa, and o4/a, . 

Estimates of o;,, and of were computed as follows 


> 


om = (M; — M.)/rin 
* = (M. — M;)/ri 


oF 


These are not unbiased estimates. Instead their expectations (value that would be 
approached in the long run if successive estimates were averaged) are, from expecta- 
tions of the separate mean squares 


E(Gm) _ om + om y/ ‘l 
spar 2 2 
E(a7) = + oj,/t. 


However, if it is assumed that the variance from interaction of genotype with en- 
vironment will on the average be proportional to the variance of the genetic effects 
involved; in this case that 


2 2 
my _ Tfy 
orn GF 
Then 
2 2 2 
a; + o4,/t _ oF 


on + ory /t Tn 
and the biased estimates of o7 and o» are as useful as unbiased estimates would be 
for our purposes. This assumption of proportionality between interaction variance 
and variance due to direct effects of genotypic variation involved is reasonable on 
the argument that all kinds of genetic effects (additive or non-additive) must operate 
through the same sorts of physiological paths and hence may be expected to be 
equally sensitive to variation in environment. On the other hand it might be argued 
that o7,/07 would be larger than o,/om whenever o; was larger than om which would 
be the case when dominance variance was present. The rationale of this argument 
would rest on the premise that as variation in genotypic effects increases the general 
magnitude of interaction effects would increase by a greater than proportional 


: 
' 
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amount. Intuitively, this seems possible, whereas deviation from proportionality 
in the opposite direction does not. If this argument is correct, then 


2 


opt on/t . oF 
on + o2y/t Tm 
As will be seen later, the possibility of this sort of bias in the ratio between estimates 
of of and o;, will have no important bearing on the interpretation of results. 


It should be noted that E[(M, — M2. — M3 + M,)/rtn| = Pd 
and E[(M: — M;,)/ri] = o; 


and hence these functions of the mean squares would have provided unbiased esti- 
9 ) P oe e ° . 
mates of o;, and o; , respectively. However, though it is not immediately obvious, 


TABLE 2 
Estimates of additive genetic variance (a2) obtained with biparental progenies in three 
open- pollinated varieties of corn 


Jarvis Weekley 
Character Sample Sample — 
Combined Combined 
I II I II 
Date of flowering 3.26 5.36 4.31 3.56 11.45 7.51 4.14 
Plant height 35.48 37.28 36.37 26.40 35.24 30.84 33.84 
Ear height 21.88 10.92 16.40 28.20 31.00 29 .60 26.60 
Kernel row number 1.5756 1.4056 1.4908 0.9928 0.8220 0.9072 — 
Ears per plant 0.0656 , 0.0263 | 0.0460 | 0.0836 | 0.0350 | 0.0593 | 0.0335 
Ear length 0.1448 0.1720 0.1585 0.2580 0.3645 0.3113 - 
Ear diameter 0.0066 0.0028 0.0047 0.0058 0.0086 0.0072 - 
Yield 0.0044 0.0036 0.0040 0.0032 0.0036 0.0033 0.0024 
TABLE 3 
Estimates of dominance variance (oj) obtained with biparental pregenies in three 
open-pollinated varielies of corn 
Jarvis Weekley 
Character Sample | Seanple — 
Combined | _ Combined 
I II I II 
Date of flower- 1.67 (—1.51) 0.08 0.95 (—6.47) |(—2.76) | (—1.33) 
ing 

Plant height 6.68 9.64 8.18 4.92 9.68 7.28 (—1.64) 
Ear height 6.56 12.92 9.73 8.96 (—0.76) 4.08 (—8.16) 


Kernel row |(—0.2044) 0.3348 0.0648 | (—0.0764) 0.0620 | (—0.0072) 
number 
Ears per plant 0.0048 | (—0.0030) 0.0008 | (—0.0556) 0.0 (—0.0277) 0.0160 
Ear length 0.0772 | (—0.0408 ) 0.0181 0.0368 | (—0.0611) (—0.0122) 
Ear diameter 0.0001 0.0031 0.0015 0.0058 | (—0.0010) 0.0024 
Yield / 0.0004 |(—0.0012) (—0.0003) 0.0024 0.0008 0.0017 0.0008 
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TABLE 4 


° . . . . 2 . . 2 2 
Ratios of estimates of dominance variance and additive genetic variance, o4/og 


Variety 
Character ew ices 
Jarvis* Weekley* Indian Chief 

Date of flowering .02 = i 
Plant height .22 24 si 
Ear height .59 14 = 
Kernel row number .04 — - 
Ears per plant .02 — 48 
Ear length PS it 

Ear diameter a 34 

Yield a oe .33 


* Ratios of estimates from sample I and II combined. 
+ . 2 . . 
** Estimate of og was either zero or negative. 


the coefficients of variation of estimates so obtained would have been considerably 
greater than of the estimates actually made. For this reason the biased estimates 
were considered preferable, particularly since the effect (if any) on estimate of o,/0; 
is most likely of a nature that does not affect the primary conclusions from the study. 


RESULTS 


Estimates of additive genetic variance and dominance variance for the various 
characters measured in the three varieties are listed in tables 2 and 3. The com- 
bined estimates for Jarvis and Weekley were computed from the pooled results of 
the two samples of progenies in each of these varieties and will be used in subse- 
quent discussion of the estimates for these varieties. 

Considering sampling errors to which the estimates are subject, the pattern of 
results is remarkably similar for different samples of material from the same variety 
and for the three different varieties. As the experiment was conducted, estimates of 
o, have considerably greater sampling variance than estimates of o,. The negative 
estimates of 4 are well within the range possible through sampling error assuming 
the true variances to be positive but small. In fact since variances, by definition, 
are never negative it is most reasonable to conclude that true values of these nega- 
tive variances are small positive quantities and that the negative estimates resulted 
from sampling error. 

Ratios of estimates of dominance and additive genetic variance are listed in 
table 4. 


DISCUSSION 


Comparative magniludes of additive genetic and dominance variance 


Without exception, the estimate of additive genetic variance used in computing 
the ratios in table 4 was larger than that of dominance variance in the same char- 
acter. Thus the a priori possibility that observation of considerably more domi- 
nance than additive genetic variance would provide strong support to the case for 
importance of overdominance was not realized. The conclusion seems obvious that, 
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though there may be overdominance at some loci, overdominance loci at which gene 
frequencies are such that much more dominance than additive genetic variance is 
produced are not the single important source of genetic variation in the varieties 
studied. This raises the question of possible alternatives, with respect to the genetic 
situation in these varieties, that are consistent with results of the experiment. 

Following symbolism? employed by Comstock and Rosrnson, (1948) and (1952), 
the additive genetic and dominance variances in a randomly breeding diploid popu- 
lation are 


of = Dd, 2yi(1 — galt + (1 — 2g, ad?u’ (1) 
and 
oi = >, 4g5(1 — gar 0, (2) 


if only two alleles are involved.at each segregating locus. The subscript, 7, identifies 
the locus so that summation in the above expressions is over all loci. When the fre- 
quencies of all segregating genes are one-half, 


o, = 3 > uw and of = 4 > a;u; 
: t 


and 203/0, becomes a weighted average of the (a;)’s weighting being relative to 
the (u;)’s. With this in mind Comstock and RoBINSON (op. cit.) noted that, in the 
case of populations in which g = !% could be assumed for all segregating loci, the 
ratio @? = 20;/0, constitutes a meaningful estimate of the average dominance of 
genes affecting the character in question. It is obvious, on the other hand, that this 
ratio does not provide a basis for inference concerning level of dominance unless 
there are satisfactory grounds for assumptions concerning gene frequencies. 

The following discussion will have reference to the single character, grain yield, 
though it will apply in varying part to the other characters on which data were re- 
ported. Reasons for this restriction are (a) it is with respect to yield inheritance that 
importance of overdominance has been postulated by Hutt (1945), Crow (1948) 
and BrIEGER (1950); (b) yield is the one character in corn for which there is any 
body of experimental evidence that is suggestive of overdominance (see ROBINSON 
et al. (1949), Huti (1952) and GARDNER ef al. (1953)) and (c) a history of unidirec- 
tional selection (for high yield) can probably be assumed. The significance of the 
third point is that it provides a basis for assumptions concerning gene frequencies. 
We take the stand that in view of past selection it is reasonable to postulate that in 
adapted open-pollinated varieties favorable genes are present in higher frequencies 
than are their less favorable alleles. 

Assume as a Starting point for discussion that multiple alleles were not present 
in the varieties studied. Then using equations (1) and (2) the ratio 01/0, for genetic 

2 Let B symbolize the more favorable of two alleles at the i-th locus. Then definition of a; and 
u; is such that the average effects of genotypes classified according to whether they are BB, Bb, or 
bb at the 7-th locus may be represented as z + 2u;, + «; + aju;, and s, respectively. Clearly, the 


effect of the heterozygote relative to those of the homozygotes, i.e. the nature of dominance present, 
is reflected ih the value of a;. g; is the population frequency of the more favorable allele. 
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TABLE 5 


, 2 2- . ec . 
Values of o4/og for a single locus, and for various values of a and q 





q 


5 6 .75 9 99 

8 on .44 .66 .89 e 
1.0 .50 75 1.50 4.50 49.50 
3.5 +.22 2.20 13.50 10.12 .20 
2.0 2.00 5.33 00 * 2.00 .08 

‘ 1 + a 2 2,2 ° e ° 
*When g = — = 0 and o7z/a, becomes infinite. (1 + a)/2a takes a value in the range, 
Za 


0.5 to 1.0, whenever a > 1.0, ie. when overdominance exists. In such cases it may be called the 
equilibrium gene frequency since it is the value (or very nearly so) toward which q gravitates in 
response to intrapopulation selection (unless selection is based on outcross progeny performance). 


variance from any single locus can be computed as a function of @ and gq. A series of 
values’ are listed in table 5. 

A specific example will help to clarify how the information in table 5 applies. Con- 
sider a segregating locus where dominance is complete (@ = 1.0) and the population 
frequency of the more favorable allele is 0.9. In terms of genetic variance arising at 
this single locus, a, would be 4.5 times as large as < Thus if the same situation 
(a = 1.0 and g = 0.9) prevailed at all loci affecting yield, the value of 03/0, would 
be 4.5 as compared to the low estimates actually obtained (table 4). 

Arguing solely from table 5, three proposals can be advanced in explanation of 
the experimental results. 

(a) That there is no overdominance, 1.e. a < 1.0 at all loci. There is an obvious 
variety of combinations of g > .5 and a < 1.0 for which the expectation of 03/04 
would conform with estimates obtained. 

(b) That there is both partial and overdominance, gene frequencies at the over- 
dominant loci being close to “equilibrium” so that these loci are the source of much 
more dominance than additive genetic variance. The situation visualized is one in 
which some loci (the ones showing partial dominance) are the source of much more 
additive genetic variance than dominance variance while others (those showing over- 
dominance) are producing mostly dominance variance, the net result when measured 
in terms of total ¢; and 0 from both classes of loci being ratios of the order observed. 
This is in accord with arguments by Crow (1952). 

’ Only positive values of a are considered. It is reasonable to question whether this is justified. 
a would be negative in value if the average effect of the Bb genotypes were less than the mean for 
average effects of the BB and bb genotypes, i.e. in the case of what we shall here refer to as negative 
dominance. The possibility of negative dominance is ignored for the following reasons: 

1. The invariable expression of heterosis in crosses of inbred lines in corn is evidence that, at 

least at the vast majority of loci, dominance is positive. 

2. Overdominance has unique implications with regard to the genetic situation in corn only 
if it is of the positive type. It is selective advantage of the heterozygote that reconciles segre- 
gation (intermediate gene frequencies) and ineffectiveness of selection for variety improve- 
ment. With negative overdominance the heterozygote is at a selective disadvantage and 
continued selection should result in a gradual approach to elimination of one of the two alleles 
from the population. 
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(c) That there is only overdominance, gene frequencies being close to 1.0 (see 
lower right corner of table 5). 

Of these proposals, the third must be rejected on the grounds that gene frequencies 
in the necessary range are unlikely in the face of past selection. On the other hand 
neither general considerations nor the experimental results themselves provide firm 
grounds for choice between the first two proposals. The situation then is that these 
results, taken by themselves, are explainable in terms of only partial dominance but 
are equally compatible with presence of both partial and overdominance. 

The foregoing discussion is premised on the assumptions (a) that the estimates 
of oz/o, were unbiased and (b) that multiple alleles were not present. These issues 
deserve further comment. 


Multiple alleles 


FisHER (1918) noted that the definitions of o; and o} (r? and é in his notation) can 
be generalized to apply without restriction concerning the number of segregating 
alleles per locus, and that the way in which oj and oj contribute to parent offspring 
and fraternal correlations in random breeding populations is then independent of 
the length of allelic series. The importance of this generalization is that it gives 
meaning to oj and oj that remains consistent whether multiple alleles are or are not 
present without in any way changing the definitions as they apply in the two allele 
case. 

Speaking now in terms of this broader concept of additive genetic and dominance 
variance the following can be shown to hold as in the two allele situation. 

(a) Assuming equilibrium with respect to linkage relations among loci, no epista- 
sis, and random mating, the variances referred to herein as a}, and o; have the com- 
position 

o, = 4 o, and a; = ly a; +\% 3. 
Thus . — 1 remains an appropriate estimate of 04/0; . 
m 

(b) Effectiveness of intra-variety selection depends on presence of additive genetic 
variance. Thus observation of considerable additive genetic variance raises the same 
question relative to possibilities of variety improvement whether or not multiple 
alleles are considered an important element in the genetic system. 

Given two alleles and heterzygote superiority, i.e. overdominance, selection should 
eventually bring gene frequencies to near equilibrium at intermediate values. This 
is the base of the argument of those who emphasize overdominance in explanation 
of the genetic situation in corn varieties. The same sort of equilibrium is possible 
starting with multiple alleles and, depending on relative values of the homozygous 
and heterozygous genotypes possible at the locus, the equilibrium state could in- 
volve non-trivial frequencies of three or more alleles (see WRIGHT and DoBzHANSKY 
1946). However, in any event, loci at such an equilibrium would produce dominance 
variance but no additive genetic variance. Thus multiple allelism by itself requires 
no essential change in the interpretation of our estimates of o4/¢; . 
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A . ‘ . 2,2 
Possible sources of bias in estimates of o2/a4 


The estimate of oj/c; was computed in terms of the estimates of 7, and a; as 
(c;/am) — 1, see Material and Methods. It was noted that variance due to interaction 
of genotype with environment is a probable source of bias in ¢; and ém but that if 
the magnitude of bias is proportional to that of the variance estimated there is no 
net effect on the estimate of o3/c; . It was further noted that if biases in o; and on 
from genotype-environment interaction variance were not proportional, there is 
reason to suspect that, expressed percentage-wise, bias would be greatest in o; . 
The effect of this would have been to cause upward bias in the estimates of 03/0, . 

Another possible source of bias is in the assumed relations: 


2 2 2 , 2 2 
om = M4 o, and of = Y4o,+ 4 Cd 


Comstock and Rosrnson (1953) list assumptions on which derivation of these rela- 
tions rests. Multiple allelism has been considered above. Of the remaining, the most 
suspect are those of no epistasis and no effect of linkage on the relative frequencies 
of genotypes. Demonstration of possible consequences of epistasis and linkage re- 
quires a great deal of space and will be presented elsewhere. It will suffice to state 


° ° C 
here that when linkage effects are present‘ they operate to make the quantity —~ —1 
om 


greater than o3/o,, and that, with possible rare exceptions, the same seems true 
for effects of all types of epistasis at least when multiple alleles are absent.® 

Note that all these possible sources of bias in estimates of o}/c; lead to upward 
bias. Hence to the extent that any one or more of them is considered of probable im- 
tance, the evidence from the experiment becomes less favorable to the overdomi- 
nance hypothesis. 


Relation to other experimental evidence. 


Estimates of the average dominance of genes affecting grain yield reported by 
ROBINSON ef al. (1949) and GARDNER ef al. (1953) were in the overdominance range 
(values of d ranged from 1.31 to 2.14). However, as noted at the beginning of this 
article, the authors in both instances warned that their estimates were subject to 
bias from both linkage and epistasis and hence would be considered as indications 
of an upper limit for average dominance. HoRNER (1952) has evaluated the amounts 
of bias that would result from some specified types of epistasis. His findings are not 
easily summarized in a few sentences nor, in view of possible linkage effects, is it 
considered vital to do so here except to state that in the estimates referred to above, 
linkage is considered of greater immediate concern as a source of bias than is epista- 
sis. ComstocK and Rosprinson (1952) demonstrated that upward linkage bias is 
probable in estimates by the method used by GARDNER e/ al. (1953). Later they also 


4 It was noted earlier that there is reason to believe linkage effects to be minimal in long established 
varieties. 

5 The consequences of epistasis in multiple allelic systems have not been investigated. While 
there would appear no special reason to suspect they would differ in pattern between multiple and 
two allele systems, the issue merits investigation. 
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showed (1951) that if the number of loci involved in yield inheritance is as great as 
often assumed, linkage bias in the procedure used by ROBINSON ef al. (1949) as well 
as in that used by Gardner and his coworkers would be sufficient so that estimates 
as large as those reported by these groups of workers are to be anticipated in the 
presence of no more than partial or complete dominance. Thus the suggestion here 
that overdominance may not play an important role in corn yield inheritance is not 
incompatible with other results reported from this station and in a sense receives 
support therefrom. On the other hand it must be emphasized that the totality of our 
evidence does not exclude overdominance as a factor of major consequence. 

Hutt (1952) presents the results of regression analyses of data on yields of inbred 
lines and the F, hybrids obtained from crosses among them, and shows the basis for 
inference (about level of dominance) from these analyses. Results from 16 of 25 
independent sets of data are in accord with the overdominance hypothesis, while 
those from the other 9 sets are not. HULL points out that sampling errors are large 
and states that “more comprehensive and precise data” are needed. 

Rojas and SprAGUE (1952) report estimates of variance components from field 
comparisons of the possible F; hybrids among inbred lines within each of two groups 
of lines. The lines of a group probably were not derived from the same variety but 
might be considered a sample from some population having wider boundaries than 
those of a single variety. Ignoring possible effects of epistasis,* what the authors 
call variance in general combining ability would be equal to half the additive genetic 
variance of the parent population and their variance of specific combining ability 
would be the dominance variance of the parent population. Thus their estimates of 
these two variances’ provide estimates of 3/0, . From their table 3, the estimate 
from data on group 1 (unweighted analysis) is 1.20/2(1.56) = .38 and from data on 
group 2 is .59. SPRAGUE and Tatum (1942) pointed out that if the inbred lines in- 
volved in data of this kind have been selected on the basis of previous estimates of 
general combining ability, the general combining ability variance among them will 
tend to be depressed. Rojas and SpRAGUE (1952) indicate that their lines had been 
subjected to preliminary selection of this kind, which suggests the possibility of an 
upward bias in the above estimates of o;/o, derived from their results. SPRAGUE 
and Tatum (1942) give results (see footnote 7) for two sets of lines that were un- 
selected in terms of general combining ability from which derived estimates of 4/0; 
are .24 and .32, respectively. Admittedly the sampling variances of these and our 
own estimates of 03/0, are large, and there may be reason to argue that the ratio 
need not be of the same order for single varieties as for populations of the kind to 
which estimates derived from the data of Rojas and SPRAGUE and SPRAGUE and 
Tatum must be referred. Nevertheless, the general concordance among the several 
estimates of 03/0; is striking. 

6 Linkage goes unmentioned because its effect here is to increase the sampling error of the specific 
and general combining ability variances rather than to introduce bias. 

7 The Rojas and SPRAGUE estimates were so computed as to be free from bias from genotype- 
environment interaction effects. This was not the case for the SPRAGUE and Tatum estimates. 

It is most likely that the effect of epistasis in this kind of data is to contribute proportionately 
more to the variance in specific combining ability than to the variance in general combining ability 
and hence to cause upward bias in the derived estimates of o1/04- 
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The magnitude of additive genetic variance 


If overdominance loci with gene frequencies at or near to equilibrium values were 
the primary source of genetic segregation in these varieties there should be little 
additive genetic variance. The data indicate, however, that o, is of moderate size; 
large enough in fact so that intra-variety selection should be rather effective. Sup- 
pose one selfed a series of plants from one of these varieties and at the same time 
outcrossed each of these plants to a random sample of other plants of the variety 
(the sample being a different one for each pollen parent). The result would be a 
series of half-sib test progenies, one for each pollen parent. Assume further that 
selection among pollen parents is based on performance of the test progenies in field 
comparison and that a new population is produced by interbreeding the inbred prog- 
enies of selected pollen parents. This is the type of procedure reported by Lonn- 
quist (1949). It can be shown that, in terms of symbolism of this paper, the expected 
improvement per generation from such selection is 


so?/2 
oF = Cty 





V Tin + ny + 


S48 





where s is the selection differential expressed as a multiple of the standard deviation 
of progeny means and » is the number of plants to which each pollen parent was 
outcrossed (on the basis that each seed parent contributes the same number of off- 
spring to the progeny). The formula as given assumes selection is based on compari- 
son of the progenies in 7 replications in a single year and location. Substituting vari- 
ances estimated from our data and setting r = 6, k = 10, = 20, ands = 1.3 (values 
of n and r are those used by Lonnquist and s = 1.3 is approximately the selection 
differential to be expected on the average when the best 8 of 36 are selected as in 
LONNQUIST’s experiment), the predicted improvement in yield from selection based 
on test progeny performance is found to be .054, .045 and .039 pounds per plant for 
the Jarvis, Weekley and Indian Chief varieties, respectively. Expressed in percent 
of observed mean yields these become 15%, 12% and 13%. 

These represent considerable increments of improvement and presumably im- 
provement could be extended further by selection in recurrent cycles. Actually our 
estimates of o, are subject to upward bias from genotype-environment interaction 
effects (as noted earlier) and hence the above estimates of effect of selection would 
be subject to corresponding bias. At the same time it is worth emphasis that in 
Lonnguist’s selection experiment with the variety Krug the improvement from 
selection as measured in field comparison of descendants of the inter-bred selected 
material with the Krug variety was 18% (actually larger than any of the figures 
given above). 

While our estimates of additive genetic variance and LoNNQuIST’s results both 
indicate that varieties are susceptible to significant improvement through selection, 
the long held tenet of corn men to the contrary reflects too much experience by too 
many capable workers to be ignored. In the opinion of these authors the published 
evidence falls short of conclusive proof that no further improvement of adapted 
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varieties is possible.* 1t is recognized, however, that this belief probably rests on 
much more experience than that actually recorded in the literature. Without insist- 
ing that significant varietal improvement is definitely possible, we believe the issue 
should be re-examined and we have initiated selection programs with the Jarvis, 
Weekley and Indian Chief varieties to check whether predictions based on data 
herein reported can be attained. 

If selection is indeed ineffective in these varieties a way must then be found to 
reconcile that fact with the apparent presence of significant amounts of additive 
genetic variance. Two quite different possibilities will be discussed. 

LERNER and DempsTER (1951) reported that selection for long shanks in White 
Leghorn chickens was effective through five or six generations but that further in- 
crease in length was not obtained by continuing selection in another five generations. 
At the same time their data suggested that additive genetic variance in shank length 
was of the same order of magnitude in late as in early generations of their experiment. 
A similar picture is reflected in a report by REEVE and RoBERTSON (1953) on results 
of selection for long wings in D. melanogaster. The principal difference is in time 
relations; wing length increased intermittently through about 46 generations, then 
remained roughly constant through 30 generations of continued selection, though 
considerable additive genetic variance in wing length was judged to be present. 
Though interpretations advanced in the two cases differ in detail, they are similar 
in essence. Stated briefly and perhaps therefore inadequately, the substance of hy- 
potheses advanced by the two pairs of authors is that if there is negative genetic 
covariance between a desired trait and fitness (net reproductive rate), selection for 
the trait may be ineffective even though additive genetic variance exists. The crux 
of the situation postulated is that the positive force of selection is counterbalanced 
by lower reproduction on the part of the individuals that are genetically most desirable 
with respect to the trait under selection. In neither case do the authors claim quan- 
titative fit of observations to hypothesis. Nevertheless their proposal appears entirely 
reasonable. So long as wing or shank length were subjected to only natural selection 
it would be expected that genes (or chromosome blocks) that would increase length 
but decrease reproductive rate would remain rare and be the source of little genetic 
variance in length. But under direct selection for length the population frequencies 
of such genes would be increased to the point where they might account for the sort 
of situations observed. Other genes with effects only on length presumably provided 
most of the original additive genetic variance, i.e. the basis for early gains from 
selection. These genes would gradually approach homozygosity as a consequence of 
selection and the additive genetic variance associated with them would gradually be 
replaced by variance due to segregation of the originally rare genes (those having 
positive effects on length but negative effects on reproduction). If so, absence of 
noticeable change in amount of additive genetic variance would be quite possible. 

This same situation may conceivably be present in corn and would account for 
ineffectiveness of selection even though additive genetic variance in yield is present. 
However, other things being equal there should be a high correlation between grain 


* This view was advanced by Comstock and RosINsON in a paper read at the 1950 Annual Meet- 
ing of the American Society of Agronomy. 
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yield and reproductive rate since each kernel produced represents a potential mem- 
ber of the next generation. (FISHER (1949) suggests as reasonable. the equating of 
chance of survival to yield in grain crops and Crow (1948) and (1952) postulated 
that an increment in grain yield is associated with a proportional increment in sur- 
vival value.) Therefore, to make the argument apply in this case it is necessary to 
distinguish components of reproductive capacity and to point out that certain genes 
favorable to yield may be unfavorable to such other components of reproductive 
rate as germination rate and seedling survival. The same argument has, in fact, 
been presented in these terms by BRIEGER (1950). It is not necessary that the same 
genes which supply the bulk.of the additive genetic variance present also be those 
primarily responsible for heterosis in crosses of inbred lines (this was implied earlier 
when we postulated that the additive genetic and dominance variance observed may 
have been supplied for the most part by two different classes of loci, and is empha- 
sized by Crow, 1952). However, such could be the case if for a locus with dual 
effects as outlined, a degree of dominance of favorable effects on yield were asso- 
ciated with recessiveness of unfavorable effects on one or more other components 
of reproductive rate. 

Another possibility for reconciling presence of additive genetic variance with in- 
effectiveness of selection is that gene frequencies at loci providing most of the addi- 
live genetic variance are already at equilibrium between the forces of mutation and 
selection. In this case continued selection would have no net observable effect on 
mean yield but would operate only to maintain the equilibrium. If such loci had 
effects only in yield, no single locus would provide very much genetic variance but, 
if one is willing to assume enough of them, one can account for the amount of addi- 
tive genetic variance observed. An obvious question is “how many loci must be as- 
sumed?” The answer depends upon the level of dominance, magnitudes of gene 
effects and natural mutation rates. For example, suppose that all additive variance 
is produced by loci at which gene action is completely additive, that the deleterious 
effect of the mutant allele at such loci is great enough so that any plant homozygous 
for the mutant at but one locus is barren even though the plant is homozygous for 
the favorable allele at all other loci, and that the mutation rate is 1.0 in 100,000. It 
can be shown that in such a situation the additive genetic variance would be of the 
order observed in these varieties if the number of loci were about 14 or 15 thousand. 
Thus an equilibrium of the sort outlined may be either part or all of the explanation 
for ineffectiveness of selection even though a moderate amount of additive genetic 
variance is present. Further speculation here concerning the probability that this 
is the complete explanation is hardly to the point since so very little is known con- 
cerning number of loci, natural mutation rates, or the average magnitude of effect 
of deleterious mutant genes. 


SUMMARY 


Estimates of the additive genetic and dominance variances in various quantita- 
live characters are reported for three open-pollinated varieties of corn. These were 
based on data from 512 biparental progenies in each of the varieties. All progenies 
were grown with two replications in each of two years making a total of 2048 plots 
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of material from each of the three varieties. Principal features of the findings are 
(a) the fact that in all characters of the three varieties the estimate of dominance 
variance was less, and in most instances considerably less, than the estimate of addi- 
tive genetic variance and (b) the considerable amount of additive genetic variance 
in grain yield that appears to exist. Implications of the estimates are discussed with 
primary reference to the character, grain yield. 

In view of the smallness (less than 0.6) of estimates of the ratio of dominance to 
additive genetic variance, it must be concluded that overdominant loci are not the 
single important source of genetic variability in the varieties studied. The results 
are explainable in terms of either partial to complete dominance at all loci or a mix- 
ture of partial and overdominant loci. Epistasis, linkage, and genotype-environment 
interaction are potential sources of bias but it appears most likely that all would 
operate to increase the estimate of dominance variance proportionately more than 
that of additive genetic variance. Hence if the estimates of o/c, are biased, the bias 
is probably upward rather than downward. 

While it appears that overdominant loci cannot be admitted as the only impor- 
tant source of segregation for grain yield in corn varieties, this does not imply that 
overdominance is necessarily insignificant in the genetics of yield. Present evidence 
must be considered inconclusive in this regard. 

Two possibilities are advanced for reconciling presence of additive genetic variance 
with ineffectiveness of intra-variety selection. The first rests on negative genetic cor- 
relation between grain yield and other components of net reproductive capacity. 
The second envisages the additive genetic variance as arising from loci at which 
gene action is largely additive and gene frequency is at equilibrium between the 
forces of mutation and selection. At the same time it is suggested that effectiveness 
of intra-variety selection should be thoroughly re-examined. 
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MORMmLITY at autogamy in Paramecium aurelia increases with the length of the 

interval since the previous fertilization (PrersoN 1938, GELBER 1938). All 
stocks of P. aurelia studied have characteristic interautogamous intervals, though 
varying also with conditions (SONNEBORN 1937), and lines maintained past their usual 
interval without autogamy will be called aged lines. The increased mortality at 
autogamy in aged lines agrees. in general with RAFFEL’s hypothesis (RAFFEL 1932) 
that mortality at endomixis (autogamy) is the result of lethal mutations in the mi- 
cronuclei: with longer intervals the chances of mutations occurring increase. RAFFEL’s 
hypothesis has been strongly criticized by JoLtos (1934), and oti. cxplanations of 
the increased mortality can be found in the literature. PrleERSON suggested that some 
at least of the mortality is due to loss of micronuclei from the aged lines. SONNEBORN 
(1947) suggested a progressive reduction in concentration of cytoplasmic factors that 
are essential to life but unable to increase as fast as the animals, analogous to the 
reduction in concentration of kappa particles in rapidly dividing animals. An inves- 
tigation has been undertaken of the causes of mortality at autogamy in aged lines, 
with the aim of testing RAFFEL’s hypothesis. 


OBSERVATIONS ON LINES WITH ABNORMALLY LONG INTERAUTOGAMOUS INTERVALS 


For this work stock 90 of variety 1 was used, which has a normal interautogamous 
interval of around 60 fissions. Aged lines of mating types I and II were selected ac- 
cording to the method of SONNEBORN (1938). Daily isolation lines were maintained 
and stained samples of each line were examined each day. Lines which went into 
autogamy were replaced by sister lines which did not. Attempts to conjugate aged 
animals after 100-150 fissions were unsuccessful, probably because the animals from 
aged lines went directly into autogamy when their food supply was exhausted, with- 
out first becoming sexually reactive. 

Aged lines of mating type I were continued, and extensive observations were 
made on one line after 200-250 fissions (around 100 days) without autogamy. The 
possibility cannot be completely excluded that over this long period the line had 
passed through autogamy unobserved. However, the evidence from the stained 
samples was confirmed by the absence of any temporary drop in fission rate charac- 


1 Present address: Department of Zoology, University of Edinburgh, Edinburgh, Scotland. 
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1) and the Rockefeller Foundation, and in part by a grant-in-aid to Dr. T. M. SONNEBORN from 
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TABLE 1 


Micronuclei in vezetalive animals. Percentage frequency distribution 


Number of micronuclei P 
Total animals 


= counted 
0 1 2 3 4 
Aged line 8 4 79 8 1 154 


Non-aged line 0 4 95 1 0 63 


teristic of autogamy, and by the recurrence of autogamy in sublines at intervals too 
short for another normal interval. Furthermore the fission rate, the appearance at 
autogamy, and the fate of the exautogamous animals indicated that the line was well 
aged. Fission rate in the daily isolation cultures, i.e., maximum fission rate, fell from 
a mean of 3.15 with a standard deviation of .66 fissions per day at 27°C during the 
first week, to a mean of 1.75 with s.d. 1.00 after 200 fissions. Many individuals of the 
aged line died spontaneously without passing into autogamy, as observed by SONNE- 
BORN (1938), often surviving several days without fission before death. Micronuclei 
were examined in stained samples of two cultures, each derived from a separate 
individual of the aged line. The mean and variation did not differ significantly in 
the two samples; pooled counts of the micronuclei are shown in table 1, together 
with a count of a sample from a normal clone of stock 90. Although the mean number 
of micronuclei in the aged line is only slightly less than normal, there is greater 
variation in their number. This variation cannot be due to sublines with different 
stable numbers of micronuclei, since each sample was descended from a single in- 
dividual after only a small number of fissions. The number of micronuclei must be 
unstable, with selection no doubt holding the average number approximately con- 
stant. Examination of stained samples also provided an estimate of the frequency of 
spontaneous autogamy in the aged line, since animals for staining were carried for a 
few days by daily isolation but without selection for non-autogamous individuals. 
Macronuclear fragments, indicating autogamy or macronuclei in two or more parts, 
were found in 14.5% and 23.2% of animals in the two cultures examined. These 
various differences between aged and normal lines show that the micronuclear muta- 
tion hypothesis, which may account for mortality at autogamy, cannot account for 
the effects of aging in the vegetative animal. RAFFreL considered variations of this 
type, which arise in the absence of fertilization, to be due to mutations in the macro- 
nucleus. 


MORTALITY AT NUCLEAR REORGANIZATION 


Mortality at autogamy in stock 90 after the normal interautogamous interval 
is 4%-10%. In the aged line mortality at autogamy was very high. For estimation 
of mortality, small cultures of animals from the aged line were allowed to exhaust 
their food supply. Stained samples were then examined for autogamy. Living animals 
in autogamy could not be selected, since their appearance during autogamy was 
unusually variable. Single animals were isolated from autogamous cultures into a 
limited quantity of culture fluid. After five days the isolations were examined, and 
only clones which had exhausted their food supply were considered viable. Viability 





EVIDENCE AGAINST MICRONUCLEAR MUTATIONS 63 


measured in this way is somewhat arbitrary, and exautogamous clones which were 
scored as non-viable might occasionally have been able to pass through further 
fissions if left a longer time or if reisolated into a fresh supply of food. However, 
the number of fissions which isolated exautogamous animals from less aged lines 
passed through after five days were sharply bimodal: generally the food supply was 
exhausted, or else division stopped after a few fissions. Ninety six animals were iso- 
lated from each of three cultures of the aged line which contained only autogamous 
animals in stained samples. The groups isolated showed 100%, 100%, and 98% 
mortality. The survivors in the last group may not have passed through autogamy, 
since their descendants went into autogamy after exhausting their food supply in the 
viability test. Or, since after macronuclear regeneration another reorganization recurs 
spontaneously after a short period, an autogamy could have taken place at which the 
macronucleus regenerated from fragments. When more extensive samples were 
tested for viability by serial isolation as described below, a small fraction of in- 
dividuals from aged lines (less than 1%) were found to survive autogamy. 


CYTOLOGICAL OBSERVATIONS ON NUCLEAR REORGANIZATION 


For further study of autogamy a method was needed of inducing autogamy simul- 
taneously in all animals in a culture. With the usual method of allowing a culture to 
exhaust its food supply, it was found that some animals of the aged line went into 
autogamy before the food supply was fully exhausted, and these might have passed 
through a post-autogamous fission before the rest of the culture went into autogamy. 
Consequently the method was adopted of isolating all the fission products of a single 
individual, and then reisolating all their fission products at daily intervals. Several 
hundred animals were collected after a few days and transferred, after one or two 
washings, into suitably diluted Ringer’s solution. Using this method on control stock 
90 (approximately 60 fissions after the previous autogamy), it was found that a 
culture which initially contained no autogamous animals, contained 39% after 8 
hours’ starvation, 71% after 20 hours, and 72% after 32 hours. Starvation for 20 
hours was therefore adopted with the aged line. 

Animals from the aged line went into autogamy rapidly and variably. After 8 
hours’ starvation in dilute Ringer’s 30% to 50% were in autogamy. At this time 70% 
of the autogamous animals in the contro] group were in the skein stage, but more 
than 90% of the aged were past this stage. The proportion in autogamy after 20 
hours’ starvation was found from examination of mass cultures, and also of individ- 
uals which were isolated and underwent fission. The range in different cultures was 
from 36% to 96%, with a mean of 78%. Examination of samples showed that the 
aged group after 20 hours’ starvation was scattered through various stages of autog- 
amy. 

The breakdown of the macronucleus could be followed in the stained preparations. 
No difference between animals from the aged line and controls was noticed at the 
skein stage. Fragments of the macronucleus were counted in animals starved for 20 
hours, as shown in table 2. This frequency distribution is bimodal. Animals with 
fewer than 30 fragments may have undergone more than one fission during the period 
of starvation, but this group is more likely to be animals already in autogamy before 
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starvation, since the proportion of animals in this group is similar to the frequency of 
exautogamous animals in unstarved samples. The group of animals containing more 
than 40 fragments includes all those with macronuclear anlagen, and clearly com- 
prises autogamous animals which have not undergone post-autogamous fission. 
The mean number of fragments in this group is 51.8 + 8.1, to be compared with 
37.9 + 5.8 fragments in autogamous control animals. The fragments in animals 
from the aged line did not appear smaller than normal. The excessive number of 
macronuclear fragments indicates disturbance of autogamy in animals from the aged 
line at the time before fertilization has taken place. The disturbance could not 
therefore have been brought about by a new genotype produced at the autogamy. 
The larger number of macronuclear fragments in the aged autogamous animals 
might be taken as evidence for a vegetative, not an autogamous disturbance: for 
example the possibility that the macronucleus is larger in vegetative animals has 
not been excluded. This distinction is formal, since disturbances at or soon after 
autogamy in aged lines can hardly be shown to be unconnected with earlier vegeta- 
tive changes. Since disturbances in nuclear processes arise under the influence of the 


TABLE 2 
Autogamous animals from aged lines 


(a) Appearance of autogamous animals 


Number of macronuclear fragments Total 
— ; aati animals 
0-10 10-20 20-30 30~40 40-50 50-60 | 60-70 counted 
6 4 1 0 10 16 4 41 


Number of macronuclear anlagen 


1 2 3 4 5 6 7 8 


1 9 10 8 1 3 a ee 33 


Number of micronuclei 
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(b) Relation between number of macronuclear anlagen and number of micronuclei 


Number of anlagen 
Number of micronuclei 


0 1 | 2 | 3 | 4 | 5 | 6 
0 | 1 | 
1 1 
2 7 4 a 
3 1 2 | 
4 2 | 1 
Pe) | 
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original genotype, death at autogamy may likewise be independent of the new geno- 
type. 

Micronuclei and macronuclear anlagen could be counted in late stages of autogamy, 
and considerable variation was found, as shown in table 2 (a). Thirty-three control 
autogamous animals with anlagen were examined, and all contained two micronuclei 
and two anlagen. The formation of an abnormally large or small number of nuclei 
presumably occurs before nuclear differentiation since the numbers of anlagen and 
micronuclei are related to one another, as shown in table 2 (b). The positive correla- 
tion is significant at the 1% level, although the counts of micronuclei in these animals 
is uncertain. 


MORTALITY AND MACRONUCLEAR REGENERATION FOLLOWING NUCLEAR 
REORGANIZATION 


Exautogamous clones from the aged lines were studied by isolating single ani- 
mals from mass cultures starved for 20 hours. Single animals were stained and ex- 
amined when possible after the first and third fissions, or after the second if they 
failed to undergo a third fission. Any surviving clones were then propagated by daily 
reisolation. Data on the exautogamous clones are grouped in table 3. A proportion 
of the stained first fission products did not appeaf to be exautogamous, and in re- 
peated experiments this proportion was in close agreement with the proportion of 
non-autogamous animals in stained samples of the original mass cultures. Con- 
sequently the whole group of isolated animals that died undivided can be considered 
as autogamous, ‘and figure 1 is calculated accordingly. It could not be ascertained 
whether animals that died before the second fission, together with a few of those 
that died after, formed the new macronuclei from anlagen or from fragments of the 
old macronucleus by macronuclear regeneration. Among the remaining animals 
undergoing nuclear reorganization, 16.2% went through macronuclear regeneration. 
Abnormal behaviour of the nuclei before the formation of anlagen could not have 
caused this high frequency of macronuclear regeneration, since few animals examined 
before the first post-autogamous fission contained less than two anlagen. Further- 
more, normal] animals were often found among the other third fission products of a 


TABLE 3 
Macronuclear regeneration and mortality after autogamy in aged lines 





Number of fissions till death 




















gaa. 3 | 4 | s | 6 | 6 | Totals 
of Pa ie ae ee eon i 

No nuclear reorganization | | | | | 251 

Undivided | | | | 490 
Autogamous: | | | 

Macronucleus developed from anlagen 0| 66 51 33. | 9 9 28 | 196 
(normal development) | | | 

Macronucleus regenerated from frag- 0 | 11 19 5 | | 3 | 38 
ments macronuclear regeneration) | 

Source of macronucleus doubtful 105 5 | 110 

Total number of isolations observed | | | 1085 
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single individual showing macronuclear regeneration. The four third fission products 
examined were twice found to contain 0, 1, 1, and 2 macronuclei, with the individual 
containing no macronucleus showing macronuclear regeneration. In such a case mis- 
segregation of the macronucleus may have occurred at the third fission. 

The mortality among the exautogamous lines showing macronuclear regeneration 
was as high as the mortality among lines showing normal development of the ma- 
cronucleus. In the macronuclear regeneration lines the mortality cannot be the result 
of micronuclear lethals, since the new macronucleus is not derived from the mi- 
cronuclei. The new macronucleus in these cases may possibly differ from the old as a 
result of segregation of macronuclear mutations, but there is no evidence that segrega- 
tion of this sort can occur. If death in these cases is not due to the new genotype, and 
if the alterations in aged lines which cause death after macronuclear regeneration 
occur with equal frequency among animals which show normal macronuclear de- 
velopment, these alterations provide a sufficient cause of death among the lines with 
normal macronuclear development. However the possibility that the newly formed 
genotype in lines with normal macronuclear development may also be lethal is not 
excluded by this argument. 

Post-autogamous mortality is shown graphically in figure 1 with undivided ani- 
mals included in the autogamous group. Among animals undergoing reorganization, 
3% passed through more than six fissions. Most of these animals gave rise to weak 
lines which died out after a few fissions, but two were successfully carried to a second 
autogamy. With the estimate of the number of animals that did not divide after autog- 
amy omitted, the curve of mortality in figure 1 is exponential and gives no indication 
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of cytoplasmic lag of post-autogamous death. If there were cytoplasmic lag, the 
exautogamous animals might be expected to multiply for some fissions with little or 
no death, and then show a rise to a peak of mortality and then a falling off. The 
absence of evidence for cytoplasmic lag can be interpreted as evidence against death 
being due to the genotype of the newly formed macronucleus. On the other hand, as 
recessive lethal mutations accumulate, mortality would to an increasing extent be due 
to those which act more rapidly after autogamy. Consequently the high mortality 
observed in this experiment weakens the argument against the micronuclear muta- 
tion hypothesis from the absence of cytoplasmic lag. The data on the number of 
fissions preceding death in clones undergoing macronuclear regeneration indicate that 
in these-lines the processes leading to death may be different. 


INHERITANCE OF CHANGES INDUCED BY ULTRA-VIOLET IRRADIATION 


Complete genetica] analysis of the changes occurring in aging lines could not be 
made because the aged animals could not be crossed with normal animals. Attention 
was therefore directed towards an agent which might mimic the effects of aging 
without preventing conjugation. Ultra-violet radiation was the agent selected. Ultra- 
violet irradiation of vegetative paramecia causes mortality at the next autogamy 
(KIMBALL and GaAITHER 1951). In view of the evidence from X-radiation (KIMBALL 
1949), the major genetic effect of ultra-violet was expected to be induction of recessive 
lethal and detrimental mutations in the micronuclei. However, little is known about 
the details of conjugation following irradiation, and this conjugation provides a 
method of detecting genetic effects of radiation other than gene mutations. Evidence 
can be cited from work with other microorganisms that ultra-violet radiation causes 
more cytoplasmic changes than X-radiation, in proportion to its efficiency in produc- 
ing gene mutations (HOLLAENDER, SANSOME, ZIMMER, and DeMeEREcC 1945). An 
experiment was carried out in which a previously irradiated and genetically marked 
stock was crossed with an untreated stock, and the exconjugants analyzed genetically 


STOCKS 


Two stocks of variety 4 were used in this experiment. The first stock, here called 
stock A (not the stock designated stock A in SONNEBORN’s collection), was derived 
from stock 51, but with its antigen genes for antigens A, F, and H replaced by alleles 
a™®, f*, and h® from stock 29, and its killer gene K also replaced by gene k from stock 
29. Stock A is no longer maintained, but the same genic combination is available in 
another line. Stock d2a13 was also derived from stock 51, but with its antigen gene 
for antigen D replaced by allele d* from stock 32. These two stocks were otherwise 
essentially isogenic with stock 51, for after each foreign gene was introduced there 
were at least 7 successive backcrosses to stock 51 before the separate isogenic stocks 
were combined to give multiple markers. These two stocks were prepared by Dr. 
T. M. SONNEBORN and his co-workers and were made available to the author for the 
present experiments. The genetic formulae for these two stocks, showing the loci at 
which they differ, are: 


Stock A: a, a, d®!, d5!, 29, 729 9 2 bk 
Stock d2a13 a®!, a®!, d%, d%, fl, f1, 51, 451, KK 
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EXPERIMENTAL PROCEDURE 


Animals of stock A, mating type VIII, were sent into mass autogamy in tube 
culture. Cultures showing 100% autogamy were given enough food to permit three 
fissions, and animals from them were irradiated when the food supply was nearly 
exhausted. Approximately 125 animals in 0.1 ml culture fluid were deposited for 
irradiation in a glass depression slide. The dosage was for three minutes at 40 cm. 
from a GE germicidal lamp, 15 watt. The dosage under these conditions was 3291 
ergs/mm? (measured by Dr. H. Butzet). Singleanimals were isolated after irradiation 
and left in darkness for 24 hours, manipulations being carried out in yellow light to 
prevent photo-reactivation. After the post-irradiation cessation of division, single 
descendants of the irradiated animals were isolated every two days, to carry on a line 
of descent. When more than 90% of the animals left over from each line were found 
to be in autogamy, usually after the second isolation, 96 autogamous animals were 
isolated and their viability tested. Ability to exhaust a limited quantity of culture 
fluid was used as the test of viability, following the procedure described above for 
aged lines. Following the nomenclature of Kimpatt (1949) this exautogamous 
generation will be called the Al. Eight separate lines of descent from irradiated ani- 
mals were tested in this way, and showed a mean mortality of 65.4% Unfortunately 
this figure is of little value, since an undetermined fraction of the A1 died in a char- 
acteristic fashion, probably as a result of some contaminant and not of the radiation. 

Meanwhile the descendants of the single animals isolated after irradiation were 
allowed to pass through approximately 10 fissions and to become sexually reactive. 
Their antigenic type was then determined, and each culture was mixed with unir- 
radiated animals from stock d2a13 of mating type VII and of a different antigenic 
type. Conjugating pairs were isolated after 4 hours, due precautions being taken to 
select only pairs which were tightly joined. When the pairs separated, the two 
members were put into separate containers, and the exconjugant derived from the 
untreated stock detected by addition of the appropriate antiserum. The antigen of 
the untreated animal was tested for, in order to ensure that the viability of the ex- 
conjugant of irradiated ancestry would not be affected by the antiserum. Groups of 
sixteen pairs were taken from each of eighteen lines of descent from single irradiated 
animals. The generation of the exconjugant clones will be called the BC. Products 
of the third fission after conjugation of each clone in fifteen of the groups were ex- 
amined for macronuclear regeneration. The BC clones were continued by isolation 
every two days. When more than 90% of the animals left over were found to be in 
autogamy, a set of 48 isolations of autogamous animals was made. Autogamous 
cultures showing the same contamination as the Al could be recognized and were 
discarded, and though only 75 sets of isolations were finally analysed, non-specific 
death did not appear to affect the results. This exautogamous generation will be 
called the A2. 


The A2 clones were left for five days to determine their viability. Sixteen viable 
clones were then taken from each set (except for one set, derived from macronuclear 
regeneration at conjugation, which gave no viable clones). These clones were tested 
for the killer character. Some sets of clones descended from the stock A conjugant 
proved to be all sensitive, and some from the stock d2a13 conjugant all killer. These 
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sets were further tested for segregation of the antigens A® and A®'. This further test 
was necessary, since the gene K might have been segregating in some sets of sensitive 
clones descended from the stock A conjugant, but the segregation would not have 
been detected if kappa had not been transferred at conjugation. Undetected segrega- 
tion of K was expected in A2 clones descended from the stock A conjugants only when 
the corresponding A2 set of clones descended from the d2a13 conjugant showed 
segregation of the killer character. Consequently only 6 clones in each set were tested 
for the antigen, and the expectation was fully verified. All sets of A2 clones descended 
from the d2a13 conjugant which failed to show segregation were A®, and all from the 
stock A conjugant were A®. From the data on the killer tests of the A2, it was found 
that kappa had passed into the sensitive conjugant in 19 of the 27 conjugating pairs 
tested. 
EXPERIMENTAL RESULTS 


The results of this experiment are shown in table 4. Each column in this table is 
divided in two, according to whether the animals were derived from the irradiated 
stock or from the untreated stock, as determined by the antigenic marker at conjuga- 
tion. In the first column the pairs of exconjugant BC clones are divided into four 
classes, “+-’’ indicating survival of the clones, and “—” indicating death. The amount 
of macronuclear regeneration as determined at the third fission after conjugation is 
shown in the second column. The proportion of non-viable clones showing macro- 
nuclear regeneration is recorded, since some clones died out after the third fission, 
as well as some before. The majority of clones in which macronuclear regenerations 
occurred proved to be non-viable. The third column shows whether segregation was 
detected in the combined killer and antigen tests on the A2 generation, “+” indicat- 
ing segregation, and ‘“‘—” indicating no segregation. The segregation data were in 
accord with Mendelian expectation and are not recorded here extensively. Mortality 
of the A2 clones is recorded in the final column. 

There are certain features of these results which need explanation. These are:— 

(1) Exconjugant clones of irradiated ancestry had a higher probability of death 
(45/288) than exconjugant clones of normal ancestry (10/288). This result cannot 
be attributed to chance, x{1, = 246, p < 10>. 

(2) When both members of a pair of BC clones proved viable and gave rise to sets 
of A2 clones, either both showed segregation or neither did, i.e., no cases were de- 
tected where the A2 set derived from the irradiated animal showed segregation and 
the paired set from the untreated animal did not, and vice versa. The observed result 
cannot be due to some effect preventing segregation which operates independently 
in the members of a conjugating pair for the chance against the 4 non-segregations 
among the 31 untreated pair members being paired with 4 non-segregations from the 
irradiated members is less than 10~*. 

(3) When the member of a pair of BC clones of irradiated ancestry died or showed 
macronuclear regeneration, the other member of the pair failed to show segregation 
after autogamy (13/13). This difference cannot be attributed to chance. This fre- 
quency can be compared with the pairs where both clones proved viable, when the 
frequency of failure of segregation after autogamy was 4/31. Xi) = 12.5, 10° > 
ros 








MITCHISON 


A. 


N. 


0 


t 


‘ 





‘pazeE[Noyeo sam sasevyusoIed 94} YOIYM WO s[ejO} 9}BdIPUT sasejUI.I0d Burmopjoy sjoyoeiq ut soin3iqz 





| (¢) %0'0 (¢) %0°0 (882) Mi t— - 
| (Z) %0°0 (Z) %0°0 (882) Mrz + 
(2&b) %9'sS (27) %001 — (76) Mle (2€) %0°Sz (882) %9°t1+ - 
poe}eelzUs) 
(8b) %0°0 (8b) %O001 (1) %001- 





uoljeiouas | 
-ol1 AvapPNuolIeUWl 
yw yuesnfuos 
peyeeizuy) | -x9 Wooly :pazerpely | 
(261) %S'0 (261) %@'t (1£) %et— == 
(9621) %B°sS (9621) %6°9 (1€) %L18+ om | (961) %0'0 | (861) %0°Z (882) %6° 18+ + 





quawido]aaep Ivajsnu 





pa}eerjuy pazerpely pezeazjuyQ) -O1IVU [BULIOU YIM JUeT pezve23uyQ pezeipeiy peeerjuy paeipeiy 
-nf{uodx9 WIJ : paz eIpely 
. ‘ ss a syuesn{uo0oxa (Aqyrqeta 
(AyyejIOW snoureZoynexa) ZY JO AjI[ RIO; AweZoyne 3B UoIVeFa139g ur uoTwaUaaI Iva[NUOIETY yuenfuooxe) sauo}> Dg Jo AITIGRIA 


Kupsonv Surmoyof ayy fo puv ‘sppuiun pagpaaqun puv pajypipps.st modl papuarsap sauoj9 uaamjag uouninluo? fo stskpoup 


¥ ATAVL 











EVIDENCE AGAINST MICRONUCLEAR MUTATIONS 71 


These observations cannot be explained solely by the induction of mutations in 
the micronuclei of irradiated animals. Such mutations are expected to be distributed 
equally between the members of an exconjugant pair, and for the most part are not 
expected to be manifest before the A2. 

Feature (1) above, the higher mortality among the BC clones of irradiated ancestry, 
suggests a radiation effect on the cytoplasm or macronucleus which causes death at 
nuclear reorganization. An effect could be exerted at conjugation following irradiation 
either by cytoplasmic lag (i.e., a transient effect), or by cytoplasmic or macronuclear 
inheritance (i.e., a persistent effect.). This kind of effect is analogous to the changes 
in aging lines described earlier and might have been expected in this experiment. But 
if such an effect were the sole cause of death at conjugation, and occurred equally 
frequently whether cross-fertilization occurred or not, untreated animals should have 
shown segregation in the A2 generation after conjugation with irradiated animals 
which died as well as well as after conjugation with irradiated animals which lived. 
This hypothesis therefore provides no explanation of feature (3) above. 


CYTOGAMY 


The observations can be accounted for by a high frequency of cytogamy at conjuga- 
tion. Pairs of exconjugant clones failing to show A2 segregation could be produced 
by cytogamy when both exconjugant clones proved viable. High mortality among 
the BC clones of irradiated ancestry could be the result of induced lethal mutations 
becoming homozygous at cytogamy, and would account for the normal member of 
the pair’s failure to show A2 segregation. Similarly failure of A2 segregation on the 
normal side of the exconjugant pair coupled with macronuclear regeneration on the 
irradiated side could be the result of cytogamy, on the hypothesis that homozygous 
lethal anlagen fail to function properly and the failure is in some cases early enough 
for the old fragments to take over. However the evidence is not at all conclusive for 
this mechanism of macronuclear regeneration. 

An unusually high frequency of cytogamy in stock 51, which has a normal fre- 
quency of less than 1%, is necessary if it is assumed that no other mechanism op- 
erates during conjugation of the irradiated stock. And on the same assumption, a 
high mortality among the members of the conjugating pairs of irradiated descent must 
follow cytogamy (a figure of 49% mortality can be calculated). However radiation 
may well induce other defects besides cytogamy at the conjugation. 


MORTALITY AT AUTOGAMY FOLLOWING CONJUGATION AFTER IRRADIATION 


The mean mortalities of the descendants of both members of non-cytogamous pairs 
at autogamy is given in the top line of the last column in table 4. In accordance with 
genetical expectation, this mortality is approximately equa] among descendants of 
either member of the pairs, and the overall mean mortality is 6.3%. The symmetrical 
distribution of this mortality between the autogamous descendants of the two mem- 
bers of the pairs indicates that recessive micronuclear mutations are the chief irradia- 
tion effect persisting into the A2. A control value for this mortality is provided by 
the mortality at autogamy of animals descended from cytogamous pairs. Recessive 
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lethal mutations are eliminated at cytogamy, so that mortality at the following 
autogamy is independent of the irradiation before conjugation. Mortalities among 
autogamous anima!s descended from cytogamous pairs are enclosed in a dotted line 
in table 4, and these are in the range 0.0%-5.6%. After subtracting these control 
values the mortality of the A2 of irradiated ancestry is in the range 0.7 %-6.3%, so 
that the A2 mortality resulting from the irradiation is barely significant. 

This mortality is surprisingly low, in comparison with the mortality postulated 
at cytogamy. If death is the result only of fully lethal micronuclear mutations be- 
coming homozygous, and with the low observed A2 mortality, the mortality at 
cytogamy among animals of irradiated descent should be no more than approximately 
double the A2 mortality. The comparatively low A2 mortality car: be accounted for 
by a sufficiently smal] number of lethal mutations in comparison with detrimental 
mutations which exert a lethal effect only in combinations (KimBALL 1949), and data 
are not available on the comparative effect of ultra-violet radiation in producing 
lethal and detrimental mutations. The comparatively low A2 mortality is also sug- 
gestive of an increased likelihood of death among animals of irradiated descent after 
their first nuclear reorganization. 

Similar effects are not brought about by X-radiation (KimBALt 1949). In crosses 
between descendants of irradiated and untreated animals low mortalities were found 
among exconjugant clones. However one experiment showed a higher mortality, 
which KrmBa.i suggests may have been the result of cytogamy. The values of the 
A1/A2 ratio were calculated in this work, and values were found approximately 
equal to 2. 

If the cytogamy hypothesis put forward here is correct, ultra-violet irradiated 
animals resemble in certain ways the CM stock investigated by Metz and FoLry 
(1949). Both the CM and the ultra-violet irradiated animals manifest a block to 
normal conjugation, and the origin of the CM stock indicated that it differed from 
related clones only in its complement of cytoplasmic factors. Although conjugation 
pairs are not formed within this stock, it can form pairs with normal animals. How- 
ever, the block to normal conjugation occurs at an earlier stage in CM x normal pairs 
than in cytogamous pairs after ultra-violet irradiation, since the CM x normal pairs 
are joined only by their cilia and can be separated mechanically. In these pairs the 
normal member undergoes a process genetically identical with cytogamy, while the 
CM member fails to undergo macronuclear fragmentation, meiosis, or fertilization. 


DISCUSSION 


Evidence has been presented that changes in the genetic complement of the 
micronuclei cannot easily account for the increased mortality at autogamy in aged 
lines of paramecia. On the contrary, the changes at autogamy can be more easily ac- 
counted for by a changed cytoplasm or macronucleus, or both. A distinction between 
effects in the macronucleus and cytoplasm cannot be drawn from these experiments. 
Evidence has also been presented that the simple micronuclear mutation hypothesis 
cannot account for all the events at the fertilization following ultra-violet irradiation, 
and it is suggested that in this case also damage is caused to the cytoplasm or macro- 
nucleus. With both the aged and the irradiated animals the evidence for death not due 
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to micronuclear mutations is indirect. The micronuclear mutation hypothesis can 
certainly be extended to cover all the observations here reported, although some 
unlikely assumptions might be required. And, while the evidence against this hypo- 
thesis is not strong, the evidence for any other particular mechanism is weak. 

The micronuclei have been shown not to function during vegetative growth (SONNE- 
BORN 1946). If the evidence against the micronuclear mutation hypothesis is ac- 
cepted, the rest of the cell would appear to accumulate damage during vegetative 
growth. The symmetrica] A2 mortality found in the radiation experiment indicates 
that the postulated somatic damage disappears after nuclear reorganization, at the 
same time as a new macronucleus is formed. This provides a reason for the evolution 
of autogamy additional to its purely genetical function of rendering the animal 
homozygous for all genes. Autogamy could be described as a means for providing an 
opportunity at regular intervals for the soma to be formed afresh from the germ line. 

MEDAWAR’s hypothesis of aging (MEDAWAR 1951) can be extended to explain the 
origin of periodic nuclear reorganization. Consider a hypothetical population com- 
posed of animals whose probabilities of entering nuclear reorganization is independent 
of the number of fissions elapsed since the last nuclear reorganization. The lengths 
of lines of vegetative descent will be distributed exponentially in the population, and 
comparatively few animals will have long intervals elapsed since their last reorganiza- 
tion. Consequently genes which produce deleterious effects only after long intervals 
of vegetative fission will be eliminated by selection less rapidly than genes which act 
more rapidly. An example of this kind of delayed expression is provided by loss of 
kappa in stocks of Variety 2 caused by high fission rate (PREER 1946). This type of 
delayed effect must not be confused with cytoplasmic lag, which is of a different 
nature. As the genes which act more rapidly are eliminated the population will change, 
so that as the number of fissions after nuclear reorganization increased, the chances 
of eventual extinction also increase. Selection pressure therefore favors shorter in- 
tervals between reorganization. Periodic reorganization is therefore selected for. 
Furthermore, once a periodicity has been established, genes exerting deleterious 
effects after the normal inter-reorganization interval are shielded from natural selec- 
tion. An accumulation of such genes will increase the selection pressure for perio- 
dicity of reorganization, and will tend to shorten the period. 

Evidence can be found in the literature that conjugation fulfils the same role as 
autogamy in the production of a new macronucleus at regular intervals, among 
Holotrichs which do not undergo autogamy. In Paramecium aurelia there is a long 
period after nuclear reorganization when autogamy can only be induced with diffi- 
culty, but conjugation can generally take place after fewer fissions. Similarly P. 
caudatum undergoes regular autogamy (ERDMANN and Wooprurr 1916), but no 
long immature period after conjugation has been reported (GirMAN 1941). Attempts 
to detect autogamy have failed in P. bursaria (WoopRuFF 1931), and Tetrahymena 
gelei (NANNEY 1953), and these species both show a long immature period after 
conjugation (P. bursaria: JENNINGS 1939; T. gelei: NANNEY and CauGHEY 1953). 
The situation is complicated by inter-stock differences; nevertheless a long immature 
period seems to be associated with the nuclear reorganization expected to be re- 
sponsible for somatic renewal. 
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SUMMARY 


1. Autogamy after unusually long inter-autogamous periods, and conjugation 
after ultra-violet irradiation are described in Paramecium aurelia. 

2. After unusually long inter-autogamous intervals in Variety 1 mortality at 
autogamy is increased. The macronucleus breaks down into a larger number of 
fragments. The numbers of micronuclei and macronuclear anlagen are variable. 
Variations from norma] autogamy commence before any new genotype formed at 
autogamy is expected to act. 

3. A high frequency of macronuclear regeneration is found in these autogamies. 
After macronuclear regeneration the mortality is as high as among animals in which 
the macronucleus develops from a micronucleus. 

4. No evidence is found for cytoplasmic lag of post-autogamous mortality after 
these autogamies. 

5. Conjugation of the progeny of ultra-violet irradiated animals with normal] 
animals is described, making use of genetically marked stocks of variety 4. Exconju- 
gant clones of irradiated ancestry have a higher probability of death than exconjugant 
clones of normal ancestry. When both members of a pair of exconjugant clones are 
viable and give rise to sets of clones by autogamy, no cases are found in which one 
set shows genetic segregation and the other does not. When the number of irradiated 
descent from a pair of exconjugant clones dies or undergoes macronuclear regenera- 
tion, the other member of the pair fails to show segregation after autogamy. 

6. These observations are discussed, and it is concluded that mutations in the 
micronuclei are unlikely to be the sole cause of death after fertilization under these 
experimental conditions. This conclusion is discussed in relation to the evolution of 
periojic nuclear reorganization in Holotrichs. 


ACKNOWLEDGMENTS 


The author would like to express his gratitude to Dr. T. M. SONNEBORN for per- 
mission to work in his laboratory, and for aid without which this work could not 
have been commenced or carried out. He is indebted to Dr. SONNEBORN’s students 
and co-workers for much help and advice, and to Dr. R. F. Krmsa zt for reading this 
paper in manuscript. This work was carried out during the tenure of a Common- 
wealth Fund fellowship and a fellowship from Magdalen College. 


LITERATURE CITED 


ERDMANN, R., and L. L. Wooprurr, 1916 The periodic reorganization .process in Paramecium 
caudatum. J. Exp. Zool. 20: 59-97. 

GELBER, J., 1938 The effect of shorter than normal interendomictic intervals on mortality after 
endomixis in Paramecium aurelia. Biol. Bull. 74: 244-246. 

Gian, L. C., 1941 Mating types in diverse races of Paramecium caudatum. Biol. Bull. 80: 384- 
402. 

HOLLAENDER, A., E. R. SaANsoME, E. Zimmer, and M. DemeRec, 1945 Quantitative irradiation 
experiments with Neurospora crassa. II. Ultraviolet irradiation. Amer. J. Bot. 32: 226-235. 

Jenninos, H. S., 1939 Genetics of Paramecium bursaria. I. Mating types and groups, their inter- 
relations and distribution; mating behavior and self sterility. Genetics 24: 202-233. 

Jottos, V., 1934 Dauermodifikationen und Mutationen bei Protozoen. Arch. Protistenk. 83: 197- 
219. 








EVIDENCE AGAINST MICRONUCLEAR MUTATIONS 


KimBaLL, R. F., 1949 Inheritance of mutational changes induced by radiation in Paramecium 
aurelia. Genetics 34: 412-424. 

KimpaLl, R. F., and N. T. GarrHer, 1951 The influence of light upon the action of ultraviolet on 
Paramecium aurelia. J. Cell. Comp. Physiol. 37: 211-233. 

Mepawar, P. B., 1951 Inaugural lecture, University College, London. 

Metz, C. B., and M. T. Forey, 1949 Fertilization studies on Paramecium aurelia: an experimen- 
tal analysis of a non-conjugating stock. J. Exp. Zool. 112: 505-528. 

NANNEY, D. L., 1953  Nucleo-cytoplasmic interaction during conjugation in Tetrahymena. Biol. 
Bull. 105: 133-148. 

NANNEY, D. L., and P. A. CAuGHEy, 1953 Mating type determination in Tetrahymena pyriformis. 
Proc. Nat. Acad. Sci. 39: 1057-1062. 

Pierson, B. F., 1938 The relation of mortality after endomixis to the prior interendomictic inter- 
val in Paramecium aurelia. Biol. Bull. 74: 235-243. 

PREER, J. R., 1946 Some properties of a genetic cytoplasmic factor in Paramecium. Proc. Nat. 
Acad. Sci. 32: 247-253. 

RAFFEL, D., 1932 Inherited variation arising during vegetative reproduction in Paramecium aurelia. 
Biol. Bull. 62: 244-257. 

SONNEBORN, T. M., 1937 Induction of endomixis in Paramecium aurelia. Biol. Bull. 72: 196-202. 

SONNEBORN, T. M., 1938 The delayed occurrence and total omission of endomixis in selected lines 
of Paramecium aurelia. Biol. Bull. 74: 76-82. 

SONNEBORN, T. M., 1946 Inert nuclei inactivity of micronuclear genes in variety 4 of Paramecium 
aurelia. Genetics 31: 231. (abst.) 

SONNEBORN, T. M., 1947 Recent advances in the genetics of Paramecium and Euplotes. Advances 
in Genetics 1: 263-358. 

Wooprvrr, L. L., 1931 Micronuclear variation in Paramecium bursaria. Quart. J. Micr. Sci. 74: 


537-545. 














THE PRODUCTION OF MUTATIONS IN DROSOPHILA MELANOGASTER 
WITH CHEMICAL SUBSTANCES ADMINISTERED IN SPERM 
BATHS AND VAGINAL DOUCHES! 


IRWIN H. HERSKOWITZ 


Department of Zoology*, Indiana University, Bloomington, Indiana 
Received May 6, 1954 


(>* ALL the techniques so far employed in the field of mutagenesis, vagina] 

douches given just before insemination provide the shortest pathway for the 
chemical to take in order to reach the chromosomes (HERSKOWITz 1947, 1949a). In 
addition, the cells treated in this manner are uniform in that all the sperm are known 
to be mature at the time of exposure. Although this technique was successful in 
inducing sex-linked recessive lethal mutations not only in sperm but in eggs of 
Drosophilia melanogaster after treatments with a nitrogen mustard solution, it did 
not raise the mutation rate for either gamete when sublethal solutions of formalde- 
hyde or certain other chemical substances were introduced (HERSKOWITz 1949a). 
The negative results may have been obtained for a number of reasons, including the 
possibility that the gametes were treated by too small an amount of chemical for an 
insufficient period of time. That the technique for administering this chemical was 
sometimes inadequate is not indicated by the failure of formaldehyde to produce 
mutations in eggs after vaginal douches since this substance has failed to mutate 
female germ cells in all studies thus far reported regardless of the method of treatment 
(HErskowi!r1z 1950; AUERBACH 1951, 1952b; AUERBACH and MosER 1953a; VALENCIA 
1951; RENDEL and ROBERTSON, unpublished, but quoted by AUERBACH and MOsER 
1953a), but is suggested from recent experiments with formaldehyde which have been 
successful in inducing mutations in sperm that were probably mature at the time 
of treatment (AUERBACH 1952a). For this reason, two additional methods were de- 
vised for treating sperm that have been deposited in females. These procedures, the 
sperm bath and postcopulatory vaginal douche, were employed with formaldehyde 
as well as urethane, trypsin, ammonia, copper sulfate, and the nitrogen mustard, 
methyl bis (beta-chloroethyl) amine hydrochloride. 

The methods used for treatment are described and the results of tests for sex- 
linked recessive lethal mutations following various treatments are presented. The 
data and some general considerations concerning the genetic effects that are de- 
pendent on the nature of a mutagen and the manner in which it is administered are 
discussed in detail. 


MATERIAL AND METHODS 


In the absence of a feasible technique for chemical treatment of sperm in vitro 
followed by artificial insemination, the precopulatory vaginal douche technique had 


' These experiments have been supported by a grant received for work of H. J. MULLER and 
associates from the American Cancer Society, on recommendation of the Committee on Growth 
of the National Research Council. 
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been employed earlier (HERSKkOwITz 1947, 1949a). The present work uses two new 
modifications of this procedure. In precopulatory and postcopulatory vaginal douches 
the vagina of an adult female is flooded with a chemical substance either just before 
copulation or some hours after mating. In the former case the sperm mass is exposed 
directly to whatever portion of the chemical substance is retained by the female at 
the time of sperm ejaculation. In the latter case the sperm are already stored in the 
seminal receptacles of the female at the time of treatment, and, unless the chemical 
can enter the vaginal openings of these receptacles, the substance must first pass 
through the walls of the receptacles in order to reach the sperm. 

The sperm bath method treats the sperm mass directly by bathing the sperm with 
a chemical substance soon after they are deposited in the vagina. Preliminary experi- 
ments showei that sperm are introduced into the vagina about 8-9 minutes after 
copulation is initiated. Until about 12 minutes from the start of copulation no sperm 
had entered either the ventral receptacle or the spermathecae, and almost an hour 
elapsed before all the sperm had migrated from the vagina to the storage organs. 
Accordingly, females were etherized 9 minutes, or within a few minutes later, from 
the start of copulation (at which time the males usually were still mounted on the 
females), and placed dorsal side down on the stage of a dissecting microscope. A pair 
of coarse forceps (which was held by a ring-stand and whose movement was regu- 
lated by an adjustable screw) was used for compressing the abdomen laterally, 
causing the eversion of the vagina. The milky ball of sperm within can now easily be 
seen, and a fine glass pipette filled with the chemical solution to be used was inserted 
into the vagina, and the liquid forced on the sperm. That at least some of the sperm 
were actually in direct contact with the chemical solution was evident, for some of 
the sperm often adhered to the pipette at the time it was withdrawn from the vagina. 
Although at the time of treatment almost all, if not all, of the sperm are in the 
vagina, it is probable that different sperm in the same vagina are exposed to varying 
concentrations of the chemical substance. It should also be noted that even with 
this technique the pathway taken by the chemical substance is indirect, since it in- 
cludes going through whatever fluids surround the sperm, the cellular membranes 
enclosing the chromosomes in the sperm head, and whatever small amount of cyto- 
plasm may be contained therein. All three methods are very simple to perform and 
treating more than a hundred females a day is not at all difficult. 

X chromosome recessive lethal mutations following treatments with various 
chemical substances were detected by the standard “Basc’’ procedure (MULLER eé al 
1954), starting with males of the Oregon-R, wild-type stock and females of the Basc 
(formerly called the “Muller 5’’) stock. Accordingly, lethals detected in the F2 
generation originated in mature sperm of the Oregon-R stock and in eggs of the Basc 
stock. A lethal mutation, detected by the absence of Oregon-R or Basc males, or 
both, in the F, or a subsequent generation, was considered certain once 20 or more 
males of the non-lethal type appeared. All but four of the lethals reported were 
established in this manner. Of these, one P2 female had lethals on both X chromo- 
somes, and three (table 9) did not provide quite the 20 sons of the non-lethal type 
required. 

Trypsin, arhmonia and copper sulfate (table 1) were used in solutions made with 
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distillea water, the N mustard (table 7) was dissolved in 0.75% NaCl or in saline 
(prepared according to Buck and MELLAND 1942), and urethane (table 1) was dis- 
solved either in saline or tap water. For the treatments listed in table 3, solutions of 
10, 5, 4, and 2% formaldehyde were made by dilutions with saline, 3% solutions with 
tap water, 2.5% solutions with either tap water or 0.75% NaCl. Control solution 
“(1)” was made of fly feces mixed with a coarsely filtered water extract of crushed 
adults, while treatment “3.3 (1)”’ was the same except that the liquid also contained 
3.3% formaldehyde. Control solution ‘‘(2)”” was made of a coarsely filtered water 
extract of crushed adults and food medium previously churned by larvae, while 
treatment ‘2.5 (2)” was a 2.5% solution of formaldehyde of either this liquid or of 
tap water containing fresh yeast. Control solution ‘(3)’? was made of a coarsely 
filtered water extract of food medium which had been seeded with live yeast, while 
treatment “1.5 (3)” was the same containing 1.5% formaldehyde. Control solution 
“(4)” was the same as control solution “(2)”, and treatment ‘1 (4)” was the same 
but contained also 1% formaldehyde. Except for copper sulfate, all “solutions” 
were used within 8 hours of their preparation. In the case of the “control” and the 
corresponding formaldehyde mixtures at least one hour elapsed between the times 
of preparation and use. 

Treated females were transferred periodically to vials containing fresh food me- 
dium. All work was done at 25 + 1°C. 


5 


RESULTS 
The fate of 374 females treated with solutions of urethane, trypsin, ammonia, and 
copper sulfate administered as sperm baths and postcopulatory vaginal douches is 


TABLE 1 
Fate of females treated with chemical substances given as sperm baths and postcopulatory vaginal douches 


(Values for the latter treatment are in parentheses) 


No. 29 
Chemical Conc., % Date : 
» Te P Prod 
Treated vy ng Ovipositing = 
. offspring 
Urethane 50 5:3e 14 6 5 5 
25 6 53 20 (15) 1 (5) 15 (7) 13 (3) 
25 7 53 17 7 9 , FF 
10 5 53 11 0 7 7 
Trypsin conc. sol. 7 538 60 28 20 17 
Ammonia yj iss 69 44 16 15 
Copper sulfate 4 7 33 24 23 0 0 
1 7 53 45 32 6 4 
0.5 ye 38 18 9 5 
0.25 ts 61 25 | 21 | 14 





> 
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TABLE 2 


Recessive sex-linked lethal mutations obtained, following treatment with sperm 
baths, from the females in table 1 


(Results following postcopulatory vaginal douches are in parentheses.) 


No. mutant sperm No. mutant eggs* 


Chenaiont Cone., % No. Ore-R sperm tested No. Basc eggs tested 
Urethane 10; 25, 2/1320 4/1050 
25 (0/149) (0/149) 
Trypsin conc. soln. 0/358 0/358 
Ammonia aa 1/280 0/280 
Copper sulfate 1, -@.3,.'0.25 0/523 4/523 
Sperm bath totals 3/2481 8/2211 


* Includes only 2 lethals or less from a treated female. 


summarized in table 1. Table 2 gives the results of tests for sex-linked recessive 
lethals for the survivors of these treatments. Only 3 lethals were found in 2481 Ore-R 
sperm tested, and 8 lethals in 2211 Basc eggs tested following the sperm bath treat- 
ments, while no lethals appeared in 149 sperm or an equal number of egg chromo- 
somes tested following postcopulatory vaginal douches. 

The fate of 113 sperm-bathed and 51 vaginally douched females treated with con- 
trol solutions, as well as 543 sperm-bathed and 331 postcopulatory-douched females 
treated with solutions of formaldehyde is presented in table 3, while table 4 sum- 


TABLE 3 


Fate of females treated with chemical substances given as postcopulatory vaginal douches and sperm baths 











Sperm baths Postcopulatory vaginal douches 
Chemical Conc., % Date No. No. pro- No. | No. pro- 
No. dead | No. ovi-| ducing No. | dead-/| No. ovi-| ducing 
treated| in 48 | positing | adult treated | in 48 | positing | adult 
hrs. | offspring | hrs. | offspring 
Formaldehyde /|10 5/53 | 15 7 2 2 
5 5/53 14 8 3 3 
4 6/53 33 9 18 12 
3.3 (1)} 11/53 37 30 4 2 
3 9/53 | 255 58 140 | 118 242 41 148 137 
| 2.0 11/53 37 20 12 11 
| 2.5. @)i 11/383 53 34 a 10 35 17 is | 
| 2 5/53 13 4 8 8 | 
1.5 (3)| 11/53 26 14 8 7 16 1 12 11 
1 (4)) 11/53 60 20 24 22 38 11 16 16 
Control for (1)} 11/53 24 11 9 7 
formalde- (2)} 11/53 26 12 8 6 
hyde (3)} 11/53 16 5 8 7 15 2 11 10 


(4)| 11/53 47 13 24 19 36 2 27 26 
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TABLE 4 


Recessive sex-linked lethal mutations obtained, following treatment with posicopulatory vaginal douches 
and sperm baths, from the females in table 3 























Sperm baths Postcopulatory vaginal douches 
Chemical treatment Conc., % No. mutant No. mutant is No. mutant No. mutant 7 
___s sperm eggs sperm eggs 
No. Ore-R No. Basc eggs | No. Ore-R No. Basc 
sperm tested tested sperm tested eggs tested 
Formaldehyde 10, 5, 4 5/206 
| 3.3(1) 0/11 0/11 
3 9/2381 4/2338 9/3808 13/3618 
rR 2/228 0/228 
2.5(2) 5/189 0/189 1/338 2/338 
- 5/229 
1.5(3) 0/99 0/99 0/182 0/182 
1 (4) 5/941 2/941 2/696 1/658 
Total formalde- 31/4284 6/3806 12/5024 16/4796 
hyde 
Controls for formal- (1) 1/153 0/153 
dehyde (2) 0/78 0/78 
(3) 1/342 1/342 1/419 2/341 
(4) 2/702 0/702 3/1221 1/1221 
| 





Total controls 4/1275 1/1275 | 4/1640 3/1562 





* Includes only cases of 2 lethals or less from a treated femaie. 


marizes the results of 23,662 chromosomes tested for lethals among the survivors of 
these treatments. 

Tables 5 and 6 are summaries of the results in tables 2 and 4 for X chromosome 
lethals in Basc eggs and Oregon-R sperm, respectively. 

Table 7 shows the fate of 432 sperm-bathed and 181 postcopulatory-douched 


TABLE 5 


X chromosome recessive lethals in Base eggs* 





| No. lethals from different 











| No. mutations % treated 9 9 
No. eggs tested | ° Reena wae 
aa Pes ; 
rae ieee ae as San 
Postcopulatory douches | 
A. Formaldehyde 16/4796 0.33 11 2 
B. Other (Tables 2, 4) 3/1711 0.18 I | 
Sperm baths { 
C. Formaldehyde 6/3806 | 0.16 |{ 16 | 2 
D. Other (Tables 2, 4) 9/3486 | 0.26 |} | 
Total B +C+D 18/9003. | 0.20 





* Including only cases of 2 lethals or less from a treated female. 





| 
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TABLE 6 


X chromosome recessive lethals in Oregon-R sperm 











No. lethals from different 
No. mutations treated 9 2 


No. sperm tested Se 


Sperm baths 
A. Formaldehyde 31/4284 0.72 19 3 2 
B. Other (Tables 2, 4) 7/ 


Postcopulatory douches 


wW 
~ 
yvI 
ron 
Oo 
— 
© 


| C. Formaldehyde 12/5024 0.24 21 1 0 
D. Other (Tables 2, 4) 4/1789 0.22 |) 
TotalB +C+D 23/10, 569 0.22 





TABLE 7 
Fate of females treated with N mustard, methyl bis (beta-chloroethyl) amine hydrochloride, administered 
in sperm baths and postcopulatory vaginal douches 





Sperm baths Postcopulatory vaginal douches 





Conc., % Date No. pro- No. pro- 








No. No. dead | No. ovi- ducing No. No. dead | No. ovi- ducing 
treated in 48 hrs. | positing adult treated | in 48 hrs. | positing adult 
offspring offspring 
4 11/53 135 90 18 0 
2 7/53 32 26 2 0 
2 11/53 16 x 5 1 39 12 20 2 
1 11/53 118 64 46 9 27 8 17 i 
0.5 | 11/53 41 17 18 7 27 9 15 12 
0.25 11/53 52 27 20 12 38 9 28 21 
0.1 | 11/53 38 17 12 9 50 6 36 29 





TABLE 8 
Sex-linked lethal mutations obtained following treatments (11/53) with the N mustard, methyl bis 
(beta-chloroethyl) amine hydrochloride 








Postcopulatory vaginal 




















| Precopulatory vaginal douches* athe Sperm baths 
| | Sperm | Egg Sperm | Egg Sperm Egg 
Conc., % — - — = -I= —— a 
——— | a z ik alc | ‘als 
| S\a D s\n s\n sia Siz 
| 2 2 % 2 % 2 2 % 2 B} % 2 2 % 2\s % 
10 | 7/127 | 5.5| 4/113 | 3.5 
at 23/1416 1.6f| 23/2537} | 0.9 
2, 1, 0.35, 9.25 49/713) 6.9 1/713) .14 9/210) 4.3 |3/210) 1.4 
0.2 4/867 | 0.5 
0.1 26/752) 3.5 |4/752) .53 7/169) 4.1 0/169) 0.0 


* From Herskowitz (1947, 1949); all 9 9 copulating within 2 hr. after injection. 
¢ 0.45% (771535) from copulations delayed more than 2 hr. 
t Contains: 18/649 (2.8%) for eggs laid the first 2-3 days after treatment. 


—_—_--- oo 
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TABLE 9 


The distributions of lethal-bearing sperm (no. lethals/no. sperm tested) among sperm from the same 
copulations used in fertilization on different days after postcopulatory vaginal 
douches with N mustard 


Days after treatment 


Conc., % : ees ——— _ 
1-2 2-5 5-8 or more 

0.10% 4/54 7.4% 14/279 5.0% 8/178 4.5% 

0.25% 2/31 6.5% 15/161 9.3% 11*/80 13.8% 


0.50% 1/25 4.0% 10/114 8.8% 7/61 11.5% 
oO 


* Includes 3 probable lethals. 


females and table 8 gives the results of 3688 chromosomes tested for lethal mutations 
following treatments with different concentrations of N mustard. The numbers of 
lethal-bearing and non-lethal-bearing sperm (only from those copulations tested which 
gave mutations) that were used to fertilize eggs in different periods following post- 
copulatory vaginal douches are given in table 9. 


DISCUSSION 
Specific considerations 


Mutability tests of urethane, trypsin, ammonia and copper sulfate after sperm 
bath treatments using sub-lethal concentrations were negative (table 2). It should 
be noted that, in other experiments, when sub-lethal concentrations of urethane were 
added on top of the food only a very weak mutagenic effect was detected among the 
sperm tested from Oregon-R males developing on the treated food medium (HERSKO- 
witz and ScHALET, unpublished). The reasons for the negative or weakly mutagenic 
activity of urethane in our experiments and those of D1Paoto (1952) in contrast 
with the strongly mutagenic activity of this substance when applied in the same or 
similar manner by Rapoport (1947) and Vocr (1948) are not clear. Although this 
substance as well as the others mentioned may have given negative results for reasons 
of lack of penetration, low concentration or insufficient duration of treatment, or a 
low mutability of the Oregon-R stock, one other possible explanation should be 
mentioned. Some substances may be mutagenic entirely, or almost entirely, because 
they act on the genes only when these take part in metabolism. At such times the 
genes are involved in interchanges of chemical substances with other parts of the 
protoplasm, and may have a less protective chemical envelope or a different physical 
configuration than they have at other times. Since, in mature sperm, the genes are 
known to be inactive (MULLER and SETTLES 1927) and may have, in addition, a 
different envelope or configuration than they have at other times, it would not be 
surprising to find the chromosomes in the sperm immutable to a substance which is 
highly mutagenic for the same chromosomes when present in other cells of the in- 
dividual. 

It was with just such considerations in mind that earlier studies were made with 
2,4-dinitrophenol, in a preliminary attempt to elucidate the types of metabolic 
activity in which the genes take part (HERSKOowrTz 1949a,b). For if different sub- 
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stances fail to produce mutations in sperm chromosomes but are mutagenic when 
given to cells in which genes are active, then, from a comparison of the mutagenic 
capacities, a start would have been made not only toward identifying the metabolic 
processes in which the genes partake but also their sequence relative to the genes. 
At present, to help prove the existence of mutagens which act only on metabolizing 
genes, the douche and sperm bath techniques must be employed and negative results 
obtained. In those cases where mutations do occur following chemical treatment of 
mature sperm, it may be possible to show that the mutations were induced, by a more 
or less direct action, in inactive genes, leading us towards a better understanding of 
the chemical composition of the hereditary material. 

The negative results obtained after treatments with metabolic wastes (“‘controls” 
(1) (2) and (4) in table 4) do not support the idea that naturally occurring or biologi- 
cally produced mutagens are concentrated and eliminated from larvae or adults. 

Before considering further the incidence of recessive lethal mutations in the Basc 
egg chromosome it should be. explained that prior to all postcopulatory vaginal 
douches any mature egg blocking the opening into the ovary’ was removed. This 
procedure made sure that the passageway to the ovary was not occluded, so that 
eggs could be treated as well as the sperm. In sperm baths, eggs are almost certainly 
untreated, since the sperm ball completely fills the vagina and it is unlikely that 
enough chemical is retained in the vagina which could mutate eggs, the first of which 
pass through it only after a number of hours following copulation have elapsed. It 
can be seen in the tables that the number of mutation tests of Basc chromosomes is 
often less than the number tested for the Oregon-R chromosome. This is because the 
number of Basc chromosomes tested from a given Basc female was subtracted from 
the total tested in an experiment whenever this female herself proved to be heterozy- 
gous for an X chromosome recessive lethal. In addition, no data were included for 
the Basc chromosome for any female which gave rise to more than two Basc lethals. 
Although, in so doing, one is discriminating against the detection of a mutagen 
which is more effective on immature than on mature oocytes, this conservative pro- 
cedure was followed to avoid falsely claiming a positive mutagenic effect for a chemi- 
cal when many of the mutations obtained could have resulted from mothers being 
mosaics for lethal mutations. When a chemical is strongly mutagenic such a correc- 
tion would not change the decision, but when a chemical is of doubtful mutagenicity 
there may be an obvious deviation from a Poisson distribution for the number of 
lethals detected from different mothers, and since mosaicism for a lethal mutation is 
a rare event (yet each one included would, in our case, add at least 3 lethals to the 
total), very large samples would be required in order to be sure the spontaneous 
frequency of mosaics in the controls adequately represented that in the experimental 
crosses. 

On the reasonable assumption that treatments with “control” mixtures, sperm 
baths containing formaldehyde, and all those substances in table 2 did not reduce 
the spontaneous mutation rate for the Basc chromosome, one can compare the rates 
obtained from these separately and together with that obtained following post- 
copulatory vaginal douches containing formaldehyde (table 5). It is clear that there 
is no evidence formaldehyde increases the mutation rate in egg X chromosomes. This 
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may not, however, be taken as proof that formaldehyde is incapable of inducing re- 
cessive lethals in eggs. For, although it seems unlikely, if the other treatments had 
raised the mutation rate by some amount, then any increase in mutation rate due 
to formaldehyde up to this amount would have been undetected. There might also 
be some validity to the idea that some of the lower concentrations of formaldehyde, 
being of lesser mutagenic potency, have caused the total mutation rate to drop toa 
value that cannot be shown to be different from that for the “control”. By appropriate 
modifications of the available techniques it may be that formaldehyde will prove 
mutagenic in eggs, and until additional tests have been made it seems unjust to state 
formaldehyde is incapable of mutagenic action in this cell. 

Turning to the inluction of X chromosome lethals in the Oregon-R sperm, it can 
be seen that there was no detectable increase in mutation rate following postcopula- 
tory vagina] douches with formaldehyde over either the spontaneous rate of 0.2% 
previously well-established for this chromosome, or the rates obtained from the other 
sperm baths and douches not containing formaldehyde listed in tables 2 and 4. 
However, the very ‘first sperm baths with 10, 5, 4 and 2% formaldehyde gave a 
mutation rate of 2.3% (table 4; Herskowi1rz 1953). In subsequent experiments, 
sperm baths with formaldehyde did not yield so high a mutation rate (21/3849, or 
0.55%; table 4), although there was a statistically significant difference (P < .005) 
between this and the combined rate (23/10,569, or 0.22%) obtained for Oregon-R 
chromosomes treated in other ways in concurrefit experiments (table 6). The lower 
rate in the last group of formaldehyde sperm bath experiments performed can only 
be partly explained by the fact that they include some treatments with formaldehyde 
concentrations which were lower than those used in the earlier experiments. Never- 
theless, there is no doubt that fully mature sperm mutate after sperm bath treatments 
with formaldehyde. 

The data in table 9 are like those of AUERBACH (1952b) for mustard gas in that no 
significant increase in the frequency of lethals was detected’ upon ageing of sperm, 
treated in the present case by N mustard. However, the irregularities of the data are 
such that a moderate effect of this kind is by no means excluded. If a large number 
of lethals:are delayed mutations, and the evidence is clear that at least some of these 
are delayed, then one might have expected the number of whole (as distinguished 
from mosaic) lethals to have been considerably increased by ageing. (AUERBACH and 
Moser 1953a, found a statistically non-significant increase in lethals upon ageing 
sperm following formaldehyde treatments.) That ageing had no clear-cut effect on 
mustard-gas induced lethals, but had a clear-cut effect in increasing the proportion of 
all visible mutants (whole plus mosaic) which were whole mutants (AUERBACH 1952b) 
is an apparent contradiction that has not yet been resolved. However, the second 
criterion (proportion of mosaics among visibles) may be a more sensitive one, in 
consideration of the fluctuations to which the first criterion (the total frequency of 
lethals) is subject. 

For ease in comparison, table 8 includes the results with N mustard obtained in 
the present work as well as some reported previously (HERSKOwITz 1947, 1949a). 
Although in the present work all sperm treated were Oregon-R and all eggs Basc, the 
sperm and eggs treated in the earlier work were of both types. Since the spontaneous 
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and chemically-induced sex-linked recessive lethal mutation rates for these stocks 
showed no detectable difference in any of this work, it is not necessary to eliminate 
from consideration tests made on Basc sperm and Oregon-R eggs in the earlier work 
before comparisons are made between the two groups of experiments. Several things 
should be mentioned about the earlier results with precopulatory vaginal douches. 
When sperm entered the vagina within a 2-hour period following a douche with 
4% WN mustard their mutation rate was 1.6%, but if they entered after this 
period, and probably did so within 24 hours after the females were treated, their 
mutation rate was only 0.45%. The egg X chromosome also mutated after 10% and 
4% N mustard precopulatory vaginal douches. In the latter treatment, the increased 
mutation rate is apparent only in the eggs oviposited the first 2-3 days after douches, 
when it was 2.8%. 

When 135 sperm baths were given using 4% N mustard no offspring were obtained, 
and only when the dosage was reduced to 1% were there more than a few offspring 
from sperm bath or postcopulatory douche treatments. Although the actual cause is 
unknown, the more concentrated N mustard sperm baths may have failed to produce 
offspring because the sperm were killed and/or forcibly ejected from the vagina by 
the female (this region being considerably irritated by the mustard as evidenced 
sometimes by the female rubbing this area with her legs, or dragging it along a 
surface). However, sperm ejection is the less likely explanation for the failure to 
obtain numerous offspring following postcopulatory douches where, prior to treat- 
ment, the sperm are already stored in the seminal receptacles. When 0.1% N mustard 
was given either in postcopulatory vaginal douches or sperm baths, a sperm mutation 
rate was obtained which was as high as that produced by 40-100 times this dose 
when administered as a precopulatory douche. If only a small amount of a solution 
is retained in the vagina even during the first two hours following a douche, it would 
be expected that stronger concentrations can be applied in precopulatory than in 
postcopulatory douches or sperm baths. This probably explains the situation regard- 
ing the eggs, in which no evidence of an increased mutation rate was obtained follow- 
ing postcopulatory douches (or sperm baths) but in which mutations were produced 
after the higher concentrations of N mustard were administered in douches prior to 
copulation. Since one would expect that higher concentrations are required to mutate 
eggs than sperm, it is reasonable to believe that when sperm are already present in 
the receptacles of the female a sufficiently concentrated dose to be mutagenic to the 
eggs would result in the death or loss of the sperm. Thus, of the methods mentioned, 
the best way to obtain egg lethals with N mustard is to give females precopulatory 
vaginal douches with strong concentrations and wait a sufficient period (say a day) 
before permitting copulation. On the other hand, sperm lethals are obtained with N 
mustard with greater ease with postcopulatory than with precopulatory vaginal 
douches. 

Since there is no gross difference in the rates of mutation in sperm treated with 
the same concentrations of N mustard after sperm baths and postcopulatory vaginal 
douches, no preference can be given to one procedure over the other on the basis of 
the data so far available. Now while all of the methods mentioned for mutating ma- 
ture sperm have proved successful for N mustard, only the sperm bath method has 











86 IRWIN H. HERSKOWITZ 


succeeded in raising the sperm mutation rate when formaldehyde was used. On the 
reasonable assumption that, on the average, equivalent volumes of these solutions are 
administered when they are applied by a given method, one can mention some of 
the factors possibly responsible for the different results obtained with N mustard 
and formaldehyde. Because N mustard produced mutations in sperm after post- 
copulatory vaginal douches while formaldehyde did not, although the same con- 
centrations of both were able’to produce mutations in sperm when applied in sperm 
baths, and since the concentrations of formaldehyde which can be applied as post- 
copulatory douche or sperm bath treatments without killing the females are as high 
or higher than are possible for N mustard, it is reasonable to believe that N mustard 
has a general penetration power that is better than formaldehyde’s. Although this is 
consistent with the lower mutation rate induced in sperm baths by formaldehyde 
as compared with N mustard for treatments of equal concentration, as well as the 
failure and success, respectively, of these chemicals to mutate female germ cells, there 
are other factors, besides poorer penetrating ability, which may be important in 
explaining the lower mutagenic efficiency of formaldehyde (or other chemical sub- 
stances). 

Suppose formaldehyde and N mustard passed through cell membranes with equal 
ability but that the former substance was so reactive that it never (or rarely) re- 
mained uncombined long enough either to reach the chromosomes or to leave a cell 
it had once entered, while the latter substance could do either or both of these more 
frequently. One would then expect formaldehyde to give negative and N mustard 
positive results for sperm lethals in postcopulatory treatments since in this method 
most of the mutagen reaching the sperm probably must first go through the walls 
of the receptacles. Accordingly, the observed difference in mutability between the two 
might have resulted largely from differences in the frequency of occurrence, outside 
of the genes, of chemical groups with which they combine. However, since the amount 
of non-genic material subject to interaction with mutagens in mature sperm is the 
minimum amount known for cells, it may be possible using sperm baths to obtain 
evidence whether the chemical grouping of the gene mutated by one agent is more, 
equal or less frequent than another grouping mutated by a different agent. 

Strictly speaking, the potency of chemical mutagens can best be compared when 
they attack the same chemical grouping in the genes. For, if only one-eighth of the 
genes have a grouping changeable by one mutagen while one-half have a grouping 
changeable by another mutagen, then even when the two mutagens penetrate as far 
as the chromosomes in equivalent amounts the latter mutagen will be detected as 
heing four times as powerful as the former. 


General considerations 


Since comparisons are often made between physical and chemical mutagens and 
between chemical mutagens themselves, it seems desirable to consider in more detail 
some of the factors involved in the distribution of chemical substances to the cells 
studied as well as within them, for such factors may influence the types and fre- 
guencies of the mutations that are subsequently detected. 

The delivery of an X-ray dose for mutagenic purposes is usually accomplished 
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(in Drosophila, for example) in a period of an hour or less. In this case the X-ray 
agent causing the mutations is introduced very close to the places which are mutated, 
and the mutagenic “hits” are distributed among the cells virtually at random. 

This is not the situation when chemicals are administered as mutagens. Not only 
may the time of exposure be longer than an hour (making a difference in the mutation 
rate obtained if during the period of treatment the cells to be tested have changed 
their susceptibility to the chemical), but there is a non-random distribution of the 
chemical among the cells later tested for mutations. This is so because no matter 
what technique is used for administering a chemical, different cells (or nuclei) must 
be closer or further away from the agent which brings the mutagen to them. The re- 
sult is that some cells are exposed to more and others to less chemical than expected 
on a random-distribution basis. 

The affinity of a chemical substance for certain components of the cell influences 
not only the amount of chemical distributed to different cells, but also the distribu- 
tion of its molecules within a cell. The possible pathways a molecule of mutagen may 
take to reach a chromosome are limited, either because the mutagen is distributed 
unequally around the cell or because nongenic substances are present in the cell which 
can destroy the mutagen by interacting with it. Once a molecule has taken a pathway 
which reaches a chromosome it is more likely for a second molecule to follow this same 
pathway rather than some other one by which it could reach a chromosome. 

It would seem to follow, that when two breaks (or other mutations) occur in the 
chromosomes of a cell these are likely to be closer together in chemical mutagenesis 
than they are when produced in a cell by X-rays. All the available data are con- 
sistent with this in showing that the ratio of gross intra- to interchromosomal re- 
arrangements found for X-rays isshifted in favor of the former typeof mutation when 
chemical mutagens are employed (dibenzanthracene, DEMEREC 1948; mustard gas, 
SLIZYNSKA and SiizynskI 1947, AUERBACH 1950; 1:2, 3:4-diepoxybutane, Birrp and 
Faumy 1953; 2:4:6-tri(ethyleneimino)-1:3:5-triazine, Fanmy and Brrp 1953; formal- 
dehyde, AUERBACH and Moser 1953b). 

Now because a greater proportion of cells are unhit in the case of a chemical muta- 
gen than of X-rays, then, given the same total number of mutagenic hits for the two, 
one would find the chemica! mutated a lower percentage of cells than did the X-rays. 
In this respect a chemical is “less efficient” than X-rays. 

It is fully realized that the commonly employed practice of comparing the efficiency 
of two mutagens in producing gross chromosomal rearrangements, using for com- 
parison dosages which give the same frequency of sex-linked recessive lethal muta- 
tions for both, may be misleading. Such lethals are not a homogeneous group, for 
some arise without connection with breakage while others are dependent upon 
breakage for their occurrence. If two mutagens produce exactly the same genetic 
effects except that one produces more point mutation lethals this one would be 
classified incorrectly as mutagenically “less efficient” in comparisons having equiva- 
lent lethal rates as the reference point. 

Destruction of cells by somatic effects, e.g. a toxic action, is known to take place 
for some chemicals; with mutagenic ones, it would take place more often in the cells 
also having mutations and more rarely in those which have none. Thus, somatic 
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killing would reduce the percent of viable cells with mutations whenever a toxic 
chemical is used. Killing having a genetic basis, e.g. dominant lethality, would work 
in the same way to reduce the apparent mutation rate. Any mutagen which has a 
toxic non-genic effect on the cells treated will be expected to reduce the frequency 
of multi-hit-type mutations more than one-hit-types among the survivors. Yet on 
the other hand, as already discussed, the unevenness of the chemical’s distribution 
itself favors multi-hit in relation to one-hit mutations. Where the balance will lie in 
any given case could hardly be predicted. Until the non-genetic toxicities of chemicals 
in the cells studied are known it will be difficult to make meaningful comparisons of 
mutagenic potencies of different mutagenic agents based on the ratios of one-hit to 
multi-hit mutations, or of two types of mutations when one is a mixture of one and 
two or more hit events. 

The considerations discussed suffice to call attention to the multitude of causes not 
only for negative results in chemical mutagenesis, but for differences in the kinds and 
rates of mutation induced by different mutagens, as well as differences in the muta- 
tions obtained with the same agent administered in different ways. Since even when 
substances are administered in sperm baths the treatment is indirect, in the several 
respects already mentioned, requiring caution in deciding the basis for the results 
obtained, use of more indirect methods of treatment (or of mixtures of cells) provide 
results that are more difficult to interpret. 

Although the douche and sperm bath methods are not the best of all the techniques 
available, for all substances under all circumstances, they possess several advantages. 
A single F, culture can be used to test for lethals in both the egg and sperm X chromo- 
somes which entered the F; female. Both of these chromosomes may be treated or 
one may be treated and one not, depending on which technique or combination of 
techniques is used. In all cases only mature sperm are present, permitting the study 
of a variety of modifications of physiological, physical and chemical conditions under 
which a mutagen is operating. No other method in Drosophila permits the investi- 
gator, at the start, to place chemical substances so close to the gene. 


SUMMARY 


The sperm bath and vaginal douche techniques for the treatment of mature sperm 
and eggs of D. melanogaster with chemical substances are described, and their advan- 
tages and limitations discussed. 

Negative results were obtained from a total of 2481 sperm chromosomes tested 
for sex-linked recessive lethal mutations following sperm bath treatments with ure- 
thane, trypsin, ammonia and copper sulfate. 

Formaldehyde was definitely mutagenic to sperm treated in sperm baths, but 
not when applied in postcopulatory vaginal douches. No evidence was obtained that 
eggs were mutated by this substance following postcopulatory vaginal douches. 

Sperm baths and postcopulatory vaginal douches with N mustard were highly 
mutagenic to sperm, but did not mutate eggs probably because the concentrations 
were not as high as those used in previously reported precopulatory vaginal douche 
experiments which gave positive results. When the frequencies of sperm lethals were 
scored on the basis of the lengths of time N mustard-treated sperm were held in the 








CHEMICALLY-INDUCED MUTATIONS IN DROSOPHILA 89 


females, no significant evidence was obtained for delayed mutation, although the 
results do not exclude some effect of this kind. 

Some factors involved in the distribution of chemical substances to as well as 
within the cells studied are discussed in relation to their effect on the types and 
frequencies of detected mutations. 
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Although the physiological genetics of guinea pig coat color has been studied from 
the point of view of gene interaction in the amount of pigment produced (HEIDENTHAL 
1940, RussELi 1939, Wricut 1941, 1942, 1949, Wricut and Brappock 1949) and 
from a biochemical basis (FosTER 1952, GrnsBuRG 1944, RussELL 1939), no attack 
on the problem by means of an investigation of the interaction of the genotype with 
the environment seems to have been made previously except for some studies of 
albino guinea pigs by ILjrn (1927) and Scnuttz (1922) and preliminary experiments 
by Wricut (1927) on a number of colored genotypes. In various papers WRIGHT 
(1949 and previous) has reported the observation that the intensity of the guinea 
pig hair color changes over a period of time but whether this was due to an age effect, 
the environmental temperature or to a combination of these or possibly still other 
factors was not known. 

The investigations of the effects of cold on the pigmentation of the Himalayan 
rabbit by DANNEEL (1941), DANNEEL and Paut (1940), DANNEEL and SCHAUMANN 
(1938), ENGELSMEIER (1937), Ijin (1926, 1927, 1931), KaurMANN (1925), and 
Scuuttz (1922, 1928) and the pronounced darkening of the ears, nose, and feet of 
certain albino guinea pigs in addition to the appearance of dark hairs in these animals 
after losing part of their coat pointed to a possible parallelism in the effects of cold 
on pigment production in these two species. 

The purpose of the present study was to discriminate between changes in pigmenta- 
tion that do and do not depend on a reduction of the skin temperature. 

Previous measurements of the intensity and quality of guinea pig hair pigment were 
made by means of visual grades (WRIGHT 1949) or by colorimetrically measuring 
the pigment extracted from weighed samples of hair by solution in dilute alkali 
(HEWENTHAL 1940, RussEtt 1939, Wricut and Brappock 1949). Although measure- 
ments obtained by these methods agree quite well (WricHT 1949), the visual grades 
are not objective for sufficiently small differences for the present purpose. 

The Photovolt photoelectric reflection meter, used in obtaining the data to be 
reported here, makes objectivity possible in the measurement of small qualitative 
and quantitative differences (in the sense of order) in the pigment present in the 
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hairs of the living animal since a photoelectric cell measures the amount of light re- 
flected at three different regions of the spectrum. It does not, however, measure the 
actual amount of pigment. 


MATERIALS AND METHODS 


Data on about one thousand guinea pigs of approximately sixty genotypes from 
Professor SEWALL WRIGHT’s guinea pig colony were obtained over a period of two 
years. However, quantitative comparisons will be made for only twenty-eight geno- 
types as the number of animals available in the others was insufficient for this purpose. 

Four categories of experimental and control animals of each genotype were set up, 
the distribution of animals into the four categories being randomized as much as pos- 
sible: (1) animals whose rumps were plucked and exposed to 16°C, (2) unplucked con- 
trol animals exposed to 16°C, (3) animals with plucked rumps exposed to 32°C, and 
(4) unplucked control animals kept at 32°C. Environmental temperatures were main- 
tained at 16°C + 1°C and 32°C + 1°C in constant temperature rooms with constant 
circulation of air. The animals were kept in darkness during the experimental periods 
(thirty days) except for a maximum of about one hour of light daily for feeding, water- 
ing, and cleaning. Their diet, consisting of Rockland Guinea Pig Diet and water 
plus cabbage and carrots each once a week, was the same as that of the entire colony. 

Plucking was done manually, as much as possible of the hair being removed from 
the rumps of the experimental animals. It was not possible to remove new hairs which 
were just beginning to appear above the skin surface and this may be the cause of the 
appearance of red and yellow hairs with eumelanic subterminal bands to be discussed 
later. 

For obtaining objective measurements of the guinea pig coat colors a Photovolt 
photoelectric reflection meter, Model 610, was utilized. This device was used by 
Barr (1947) to measure the pelage color of mouse skins but as far as the author 
knows had not, until now, been used on living animals. The reflection meter consists 
of a galvanometer and a search unit containing a light bulb and a photoelectric cell. 
A series of enamel standards varying from pure white to dark gray are used to 
standardize the readings. The light bulb furnishes the light which is thrown on the 
surface whose color is to be measured. By means of three filters (amber, green, and 
blue) which are placed between the measured surface and the photoelectric cell, 
readings of the amount of light reflected at different wave lengths are obtained. The 
light reflected by the surface onto the photoelectric cell causes the latter to produce 
an electric current which moves the galvanometer needle in proportion to the amount 
of reflected light. In order to get comparable readings the galvanometer needle was 
adjusted to a reading of 100 (which is equivalent to the amount of light reflected by 
the enamel standard being used) before each measurement. In addition to a pure 
white standard (for yellow and white animals) and a light gray standard (for sepia, 
brown, and black animals) a dark gray standard and a black box were used to check 
the instrument before each use. The readings of the latter two objects were compared 
to the white or light gray standards when these had been adjusted to a galvanometer 
reading of 100. This procedure was very valuable in checking the reflection meter for 
accuracy and prevented inaccurate readings due to mechanical failures. 
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In order to have a flat surface for making readings a glass slide was placed over the 
flat part of the rump of the animal and the opening of the search unit placed on the 
slide. The slides decreased the readings uniformly. 

To make all readings, both those against the white standard and those against the 
gray standard, comparable and to correct for the loss in reflected light due to the 
glass slides PROFESSOR WRIGHT prepared tables (unpublished) by means of regression 
analysis for the conversion of all’ readings to values comparable against the white 
standard. 

Three readings, one each with the amber, green, and blue filters, were made on 
each animal before being plucked and/or placed in the constant temperature room 
and again thirty days later. After thirty days the hair in the plucked area had been 
replaced and in most cases was visually indistinguishable in length or thickness from 
the unplucked hair. In those genotypes where no perceptible color change occurred 
it was impossible to distinguish the experimental from the control animals after 
thirty days except by their ear punches. Readings were made without knowledge of 
the genotype and the experimental category into which each animal had been placed. 

Genotypes were determined from a combination of the pedigrees and WrRiGHT’s 
(1949) color grades. No animals in which there was doubt as to the genotyge (es- 
pecially with regard to the C-series alleles) were used in obtaining the data reported 
here. 

Subcutaneous temperature measurements were made weekly for a period of thirty 
days with a calibrated thermocouple (EGGERT 1946) of copper and constantan. A 
small channel was made under the skin with a steel] nail which had been filed flat, 
sharp, and pointed. The thermocouple was then inserted into this channel and the 
reading made on a potentiometer. Twenty-four plucked animals, more or less equally 
divided as to sex and eu- or phaeomelanic coat color were used. Twelve were kept at 
16°C and twelve at 32°C. In addition, control measurements were made on twelve 
unplucked animals after a one-week exposure to the experimental temperatures. 

Hair growth measurements to determine any differences in the rate of hair growth 
due to plucking or clipping were made by plucking the hair from one-half of the rump 
of twenty-four animals, more or less equally divided as to sex and eumelanic or phaeo- 
melanic coat color, and clipping the hair on the other half of their rumps as closely 
as possible with hair clippers. Twelve of these animals were placed into the constant 
temperature room held at 16°C and the rest were kept at 32°C. Measurements were 
made every other day for thirty days with a steel ruler divided into millimeters. 

The average age of the animals used in the subcutaneous temperature and hair 
growth measurements was within the age range of the animals used in the coat color 
experiments. 


RESULTS AND DISCUSSION 
Rate of hair growth 


The rate of hair growth after plucking or clipping and at environmental temper- 
atures of 16°C and 32°C is about 0.5 mm per day which is the same as in man (CHASE 
1954) and the rabbit (Irjry 1927). The new hair of plucked animals appears above 
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the skin surface and is first measurable between one and two weeks after plucking at 
32°C, but at 16°C the new hair is not measurable above the skin surface until two to 
three weeks after plucking. Apparently the environmental temperature does not 
affect the rate of hair growth but only the beginning processes (CHASE 1954) in the 
formation of the new hair. 


Subcutaneous temperature 





at 16°C at 32°C 

The day after plucking 34.3 + 0.2°C 38.6 + 0.1°C 
8 days after plucking 33.2 + 0.1°C 38.4 + 0.1°C 
15 days after plucking 32.6 + 0.2°C 38.1 + 0.1°C 
23 days after plucking 33.5 + 0.2°C 37.3 + 0.2°C 
30 days after plucking 32.8 + 0.2°C 38.4 + 0.3°C 
Mean 33.3°C 3.2°C 

Unplucked controls after 7 days exposure 33.1 + 0.2°C 37.7 + 0.1°C 


To determine the temperature of the uterine environment in which the first coat 
of hair of the guinea pigs is produced the rectal temperatures of twelve adult female 
animals in advanced stages of pregnancy were measured with the same thermometer 
used to calibrate the thermocouple. The mean rectal temperature was 39.1°C + 0.1°C. 

With low environmental temperatures there is apparently an adjustment of the 
animal’s thermoregulatory mechanism to decrease the amount of heat lost through 
the skin. These temperatures are similar to those used by DANNEEL (1941) and 
ILyrn (1931) to show the effect of temperature on melanin formation in Himalayan 
rabbits. 

By comparing the subcutaneous temperatures of the plucked and unplucked 
animals at the two experimental temperatures it will be apparent that in contrast 
to the situation in many mammals the hair does not insulate the guinea pig from the 
temperature of the environment. 


Guinea pig coat color changes 


The loci controlling hair pigment formation in the guinea pig dealt with in this 
study were E, B, C, P, and F. No agouti (A) or tortoise shell (e”) animals were used. 
The E locus determines whether eumelanin or phaeomelanin is produced; anima!s 
carrying E being black, sepia, or brown, e? giving the tortoise shell pattern (eumelanic 
and phaeomelanic areas in different parts of the coat) and ee being red, yellow, or 
cream. The combination E-B- produces a black or sepia animal, while E-bd causes 
brown melanin to be formed except in c*c* albinos and in the combination ppff in 
both cases. In combination with ee the B locus determines only the color of the eyes 
and skin. The C series of alleles (C, c*, c*, c’, c*) roughly determines the intensity of 
the coat color in both eumelanic and phaeomelanic series; C producing black or red 
animals and c*c* animals being albinos, with the other alleles causing intermediate 
amounts of pigment to be formed. In this allelic series the chief peculiarities in the 
relations between the amounts of pigment formed under the control of these genes 
occur in the two alleles c¢ and c’. In combination with ee the allele c¢ produces a 
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cream-colored animal, while eec’- has no pigment in the hair at all but has dark red 
eyes and in combination with the pink eye dilution factor (p) cannot be differentiated 
from an albino (c*c*) guinea pig except by a breeding test. In combination with E- 
the allele c’ forms considerably more sepia or brown pigment than does cé in contrast 
to the situation in the phaeomelanic series. The pink eye dilution factor (p) greatly 
reduces the amount of eumelanin formed although it has no effect on the coat color 
in ee animals except to prevent sootiness from developing with age and/or cold. The 
recessive allele (f) at the F locus when homozygous in yellows (ee) and in E-pp geno- 
types decreases the amount of pigment formed very markedly. The effects on guinea 
pig coat color of the alleles at these loci, the changes in coat color intensity with age 
in the various genotypes (WriGHT 1949), and the changes in coat color with different 
environmental temperatures (table 1) will be discussed below. 

The percentages of pigmentation in adults cited in Wricut’s data are relative to 
the amounts in intense blacks, browns, or reds at birth as determined by colorimetry 
of pigment extracted from weighed hair samples in conjunction with visual grades, 
standardized by this process. (HEIDENTHAL 1940, RusseLL 1939, Wricut and 
Brappock 1949, Wricut 1949) 

Dark sepias.—These are genotypes with the genes E-B-P- and various combina- 
tions of the alleles of the C-series. E-B-C-P-, intense black, fades slightly from birth 
(100.0%) to adulthood (95.6%) while E-B-c4c’ P- does not change appreciably (92.8 % 
to 92.3%). The dark sepia genotypes E-B-c*c’P- and E-B-c’c’P- darken somewhat 
with age (71.4% to 79.4% and 83.1% to 86.1%) while very pronounced darkening 
between birth and adulthood occurs in E-B-c’c*P- and E-B-c’c*P- (38.2% to 54.5% 
and 40.6% to 70.8%). There is pronounced darkening of the ears, feet, and nose 
(completely colorless at birth) and occasionally a slight darkening of the coat in 
albinos of the genotype E-B-c*c*P-. (WrRicHT 1949) 

In the present investigation all groups of the genotype E-B-C-P- except the 16°C 
control group had a tendency to become darker, while the latter tended to fade. 
However, the variability in all four categories was so great that none of the changes 
were significant at the .05 level except in the 16°C plucked group and this only with 
the green filter (a darkening of about 25%). It is concluded that there was no ap- 
preciable effect of the experimental temperatures on pigment formation in this case. 
Different conclusions may be drawn about the genotypes E-B-c*c’P- and E-B-c*c' P-. 
There was significant darkening of the 16°C plucked group in both cases but enough 
darkening in the 32°C plucked group (significant at the .05 level in céc” but not in 
c*c") to prevent any significant effect at the .05 level of the temperature difference. 

The data obtained on E-B-c’c*P- and E-B-c’c’P- show a pronounced effect of the 
16°C temperature, plucked E-B-c4c*P- animals darkening 59% in the amber range at 
16°C but only 26% at 32°C, plucked E-B-c’c’P- darkening 29.5% and 11% respec- 
tively in the same region of the spectrum. Each of these changes is significant (.01 
level) showing that there is not only a darkening due to the low temperature but also 
due to other factors connected with age unless the slight drop in skin temperature 
from 39.1°C in ulero to an average of 38.2°C at 32°C room temperature is sufficient to 
induce increased melanin production. 
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The genotype E-B-c’c*P- shows a pronounced darkening in all groups but while 
greatest in the 16°C plucked category the difference from the 32°C plucked group has 
no statistical significance. It does not seem likely, however, that there is any qualita- 
tive difference in the reactions of c’c* and the two homozygotes, c’c’ and c*c*, both 
of which show a significant temperature effect. Another peculiarity of this genotype 
is the highly significant (.01 level) darkening of the controls also found, however, in 
E-B-c'c’P- in the 32°C control group and in E-B-c4c*P- at the .05 level (green filter) 
in the 16°C controls. It appears that there is a difference in either the threshold of 
response or in the responsiveness to other factors than cold between the c’ and c# 
genotypes. 

In albinos of genotype E-c*c*P- the 16°C environmental temperature had a very 
striking effect, the rumps of plucked animals becoming quite dark. This observation 
also confirms the results of ILjrn (1927) and Scnuttz (1922) showing pigment forma- 
tion with cold in albino guinea pigs. 

Although it is usually possible to differentiate between E-c*c*P- and E-c*c*pp, 
eec*c* P-, or eec*c*pp albinos by the sooty nose, ears, and feet of the first, this darkening 
does not occur uniformly or at the same age in all E-c*c*P- albinos. Because some of 
the light-eared albino animals grew new dark hair when plucked and exposed to 16°C, 
as the assignment of genotypes to the albinos was on a very tentative basis, and since 
in all experimental categories except 16°C plucked, all animals—plucked or unplucked 
—darkened only very slightly if at all (less than 20%), it was decided to test, by in- 
dependent evidence, the hypothesis that only E-c*c*P- animals produced eumelanic 
pigment after being plucked and exposed to 16°C. 

The percentage of yellow (ee) and pink-eyed (pp), sepia and brown and tortoise 
shell (E-P-, e?-P-) litter mates of each of the albino animals which darkened more 
more than 20% and those which darkened less than 20% were calculated and the 
mean percentage obtained. The percentage of yellow and/or pink-eyed (ee/pp) 
litterma‘cs of albinos which darkened more than 20% was 34.1% + 10.2%, whereas 
the percentage of these genotypes among littermates of albinos darkening less than 
20% was 59.4% + 14.5%. The ee/pp percentage among littermates of the unplucked 
albinos kept at 16°C was only 25.9% + 9.6% but all the albinos in this category dark- 
ened less than 20%. The yellow/pinkeye percentage among littermates of plucked 
albinos exposed to 32°C was 41.4% + 6.2%, of unplucked albinos kept at 32°C 
34.2% + 7.7%. All of the albinos in the last two categories darkened less than 20%. 
These data are rather strong evidence for the hypothesis that only E-c*c*P- albinos 
have the capacity to respond to low temperature by producing eumelanic pigment. 

The darkening of the albinos in the ee/ pp c*c* plucked lot and in the animals in the 
32°C plucked category was not visually perceptible and may have been due to dirt. 

On comparing these results with the changes described by Wricut (1949) as oc- 
curring in E-B-P- genotypes between birth and adulthood it appears that much of the 
latter is a temperature effect but that there is darkening that occurs with only a 1°C 
drop in skin temperature, especially in c’c*. but to some extent in others and that may 
be due to other factors. There seems °''~ » be some fading of intense black subse- 
quent to the second pelage. 
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FicureE 1. Graphical representation of the changes in the amber reflection meter readings of dark 
sepia (E-B-P-) genotypes. Ordinate represents actual readings as given in table 1. The points in the 
“Before” category on the abscissa represent the weighted means of all “Before” readings (amber) 
for each genotype given in table 1. The points in the two “After” categories represent the mean 
readings (table 1) after plucking and exposure to the experimental] temperatures. 


Pale sepias.—Of the E-B-ppF- genotypes only two will be considered as not enough 
animals of the other genotypes were available. All pale sepia genotypes except c’c” 
and c’c* fade considerably with age, E-B-C-ppF- fading from 17% to 7.5%. E-B-c’c" 
ppF- darkens slightly (1.9% to 2.9%) between birth and adulthood. (WricuT 1949) 
Genotypes of the kind E-B-ppff are white except E-B-C-ppff which is cream-colored. 
These genotypes will be considered separately. 

The above mentioned age effects are paralleled in the present experiment. Plucked 
animals of genotype E-B-C-ppF- become about 43% to 54% lighter at both 16°C 
and 32°C, while plucked E-B-c’c’ppF- animals darken about 15% with the second 
pelage but only at 16°C. 

There are no temperature effects on pigment production in E-B-C-ppF- that are 
significant at the .05 level. The significant fading in the control categories may be due 
to replacement of old hair during the experimental period. 

E-B-c'c’ppF- shows a significant temperature effect. Apparently the major part, 
if not all, of the age effect of this genotype is due to the drop in skin temperature 
while the pronounced fading of all the more intense E-B-ppF- genotypes in adults 
is not a temperature effect, as judged from the absence of such effect in E-B-C-ppF-. 

Dark browns.—All combinations of the C alleles with E-bbP- fade from birth except 
E-bbcc*P- and E-bbc’c*P- which darken. E-bbC-P- fades from 100% to 73.5 %, while 
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E-bbc’'c*P- darkens from a birth average of 59.5% to 70.9% as an adult. (WRIGHT 
1949) 

In the present investigation the only C-browns used were of genotype E-bbC-Pp 
as E-bbCCPP show a variable “‘dinginess” (WriGHT 1947) which would confuse the 
reflection meter readings. 

E-bbC-P- shows no significant temperature effects in the animals used which were 
an average forty days old at the beginning of the experimental periods. The ap- 
parently significant darkening in the plucked animals of the 32°C category seems to 
indicate a darkening in the second pelage not due to temperature which contrasts 
with the marked lightening found by Wricur (1949) in adults. The changes in 
browns clearly need more study. 

E-bbc’c*P- shows a significant amount of darkening (about 20%) in animals plucked 
and exposed to 32°C. This is in agreement with the age effect. As only very few 
animals in the other categories were available no conclusions as to the relation of 
temperature to the age effect can be drawn in this genotype. 

Pale browns.—All pale brown genotypes (E£-bbppF-) fade with age except c’c” and 
c'c*. E-bbC-ppF- has 27.8% as much pigment at birth as E-bbC-P- but as an adult 
only 18.9% as much. E-bbe'c’ ppF- darkens slightly with age (4.0% to 5.3%). (WRIGHT 
1949) 

E-bbppff genotypes are similar to E-B-ppff genotypes in being white except the 
cream-colored E-bbC-ppff animals. 

E-bbC-ppF- animals give complex results. There is an apparently significant 
temperature effect but this depends on significant lightening (.01 level) in the 32°C 
plucked group associated with no appreciable change in the 16°C plucked category. 
This can only be interpreted as a genuine temperature effect by the hypothesis that 
there is a lightening of 16% not due to temperature during this period (as shown by 
the 32°C plucked group), balanced by darkening due to cold of almost the same 
amount in the 16°C plucked group. The fading effect appears to become more pro- 
nounced in adults. 

The slight darkening effect observed with age in E-bbc’c’ppF- by Wricut (1949) 
is paralleled only by an utterly insignificant tendency in this direction in the present 
data. As too few animals were available no temperature comparisons could be made. 

Anomalous creams.—As mentioned above this category includes animals of geno- 
types E-bbC-ppff and E-B-C-ppff which are cream-colored (although a faint brownish 
tinge is observable in some animals). They fade from a birth average of 6.3% to an 
adult average of 3% (Wricut 1949). 

The age effect of fading is paralleled in the present data. 

There is also a significant temperature effect opposite to the age effect. At 32°C 
plucked animals show a greater degree of fading in the second pelage than at 16°C. 
As in E-bbC-ppF- this may be due to a slowdown due to cold of the normal decrease 
in pigment production in E-C-ppff with age which is equivalent to a darkening due to 
cold in other genotypes. 

Fading yellows.—All eeff genotypes which are not white at birth fade with age. 
These include C-, c*c*, ckc*, c4c*, c*c*, ctc*. eeC-ff fades from 35.4% yellow pigment at 
birth to 10.8% as an adult. (WRIGHT 1949) 

This age effect is paralleled by the present results. 
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There is an apparently significant temperature effect (a decreased amount of fad- 
ing at 16°C as compared to 32°C but only with one filter and only at the .05 level). 
If not due to an extreme sampling error, it may be the result of a tendency toward in- 
creased rate of pigment production induced by low skin temperature that partially 
compensates for fading due to other causes as suggested for other genotypes above. 

In comparing the percentage amount of fading at 32°C in plucked animals of this 
genotype (30 to 49%) with that in eeC-F- (4 to 25%) it may be seen that the ff 
yellows have faded more on the average by two and one-half months of age than the 
F-yellows but the difference is less pronounced than found in the adults by WRIGHT 
(1949). 

Stable yellows.—These are eeF’- genotypes which produce a larger amount of phaeo- 
melanic pigment than the comparable eeff genotypes and which either fade consider- 
ably less with age than the latter or darken slightly in some cases. Genotypes which 
fade with age include eeC-F- (100% at birth to 76% as adults), eec*c*F- (36% to 30%), 
and eeckc*F- (17.5% to 12%). Genotypes which darken with age include eec*c'F- 
(33% to 40% with inadequate numbers), eec’c¢F- (36% to 37%), eectc’F- (12% to 
16%), and eectc*F- (14% to 16.5%). eec’c” and eec’c* animals are white with dark red 
and light red eyes respectively. These never show any yellow pigment but as with 
B-P- yellows, old animals will sometimes show a eumelanic sootiness in their coat. 
(Wricut 1949) The genes B, 6, P, p, have no effect on the coat color in yellow 
animals; they only affect the eye color. pp probably prevents the appearance of 
sootiness in the coat of yellow guinea pigs. 

The age effect of fading is paralleled in all three eeC-F- genotypes tested in the 
present experiments. There are no differences among them. There are no significant 
temperature effects on pigment formation in these three genotypes. The figures in 
table 1 are all based on non-sooty animals. It is thus indicated that the normal fading 
with age is not a temperature effect. In addition there were two eeB-C-P-F- animals 
which were plucked and exposed to 16°C which formed eumelanic pigment in the 
yellow hairs. One of these animals showed eumelanic subterminal bands in the other- 
wise red hairs. The percentage of darkening in this animal was amber: —45.8%, 
green: —47.7 %, blue: — 15.5%. The other animal had black tips on the newly grown 
hair. The percentage change in this animal was amber: +8.4%, green: — 14.9%, 
blue: —7.1%. It may be assumed that in the former animal the eumelanin was de- 
posited in hairs which were already growing at the time of plucking but were not 
sufficiently long to be plucked. The sudden drop in skin temperature to 33.3°C ap- 
parently had the effect of temporarily decreasing the rate or efficiency of the yellow 
pigment forming process relative to the eumelanin forming process and thus allowed 
eumelanin to be formed until the normal competitive advantage of the phaeomelanic 
pigment forming process (in ee animals) was restored. This is additional evidence that 
both the eumelanic- and phaeomelanic pigment forming processes coexist in normally 
yellow guinea pigs. ILjrn (1927) and ENGELSMEIER (1937) reported that the width 
of the pigmented band in normally white hairs of Himalayan rabbits was correlated 
with the length of exposure to low temperature. In the guinea pig this is obviously 
not the case since the hair has no insulating effect. Genetic factors may make a dif- 
ference in the threshold at which eumelanin may be formed in normally yellow 
guinea pigs (cf. IBsen 1932). 
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eec*c P-F- animals did not show the age effect of fading. There was no appreciable 
change (less than 10%) although what change there was, was in the direction of dark- 
ening. There was no temperature effect. 

eec'c’P-F- darkened to about the same extent in percentage as eec'c'P-F-. Again 
there was no differential temperature effect. One animal, plucked and exposed to 
16°C, became sooty and was not included in the table. Its percentage change: amber 
—44.6%, green —49.5%, blue —32.7%. 

eec'c*P-F- also darkened about the same number of percentage points as the other 
two c* genotypes. This result is in the opposite direction to the age effect. There is 
indeed an apparently significant darkening in the 16°C plucked group shown only 
with the green filter. Comparison of all of the figures indicates that there is no real 
difference from the situation in the c*c* and c*c¢ genotypes. Two animals (not included 
in the table) out of ten plucked and exposed to 16°C produced eumelanin in the new 
hair. One produced black hairs. It changed —52.6% in the amber, —46.8% in the 
green, and —41.1% in the blue region of the spectrum. The other animal had dark 
tips on the new hairs. It changed — 11.0% in the amber, — 15.8% in the green, and 
— 13.8% in the blue region of the spectrum. 

There was no appreciable difference in the amount or direction of change in the 
coat color between eec*c*P-F- and eec*c’ppF- guinea pigs. 

There is a pronounced effect of low temperature on the amount of phaeomelanin 
produced in these genotypes. An environmental temperature of 16°C increases pig- 
ment formation over the amount produced at 32°C. The usual darkening in adults 
in these genotypes (WRIGHT 1949) thus appears to be a temperature effect. 

The darkening is wholly due to the formation of phaeomelanin as the one eec*c*P-F- 
animal which had eumelanic subterminal bands in the yellow hairs was not included 
among the seven animals in the 16°C plucked group for which data are reported in 
the table. The percentages of darkening for this animal were: amber —43.3%, green 
— 39.9%, blue — 27.3%. These figures may be compared with the data for the other 
eectc?P-F- animals which were plucked and exposed to 16°C: amber —17%, green 
—15%, blue —21%. 

The results for eec’c’P-F-, eectc*P-F-, and eec’c*ppF- parallel the aging effect of 
darkening. The percentage darkening in all three genotypes is about the same as in 
the genotypes just discussed and the effect of 16°C in increasing the formation of 
phaeomelanin is also similar. Animals which become sooty on exposure to 16°C were 
not included in the tabulated data. There was one eec¢c’P-F- animal (in addition to 
the four reported in the table) which became sooty. It changed: amber —42.8%, 
green —42.0%, blue —47.7%. One eec*c*P-F- guinea pig had black-tipped yellow 
hairs. Its percentage change (amber — 40.8%, green —52.1%, blue —48.9%) was 
not included in the seven animals whose data may be found in the table. 

eec’c*P- showed a pronounced temperature effect, darkening about 17% after 
plucking and exposure to 16°C. This was wholly due to the formation of eumelanin 
and not to phaeomelanin. 

It should be remarked that none of the yellow animals of any genotype which were 
plucked and exposed to 32°C became sooty. Thus it seems clear that the appearance 
of sootiness in a yellow animal requires a low skin temperature. The low frequency 
of sootiness even at low temperatures indicates that there are other necessary factors. 
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Where fading of F-yellows occurs with age (i.e. with C-), it appears that this is not 
due to temperature. On the other hand both the intensification of yellow in c‘c’, 
cic’, and c4c* genotypes and the sootiness in B-P- yellows and whites is probably 
wholly due to lowered skin temperature. 























é 
AFTER BEFORE AFTER 
| 35+ 16°C 32°C a 
= 
| 40 + CPPF bbcPF — 
z bbCPF. BCPF 
- 45 + BCPF 
na CppF 
oO ckcd pF 
ee 50F ¢dcd PF ckoIpr —_ 
i.e) 
oO 55 Lctes PF 
Bs cd cd ppF “a —_ecktctpe 
I} gob cic! PF __ecicdPF 4 
i cdco pF —* cd cd ppF 
65> ¢kcO pe - 
> Cff cdc! PF 
—| 70K ckcIpF —- 
” d.a 
a c’ cc“ ppF Cff 
3 7S wieger =| 
ccc F 
O ong 
>| 80- 
85 


FicurE 2. Graphical representation of the changes in the amber reflection meter readings of yel- 
low (ee) genotypes. Ordinate and abscissa as in figure 1. 


SUMMARY 


1. The effects of environmental temperatures of 16°C and 32°C on coat color in 
different guinea pig genotypes were investigated by measuring the coat color of 
young guinea pigs (age about 114 months) with a Photovolt photoelectric reflection 
meter, Model 610, before plucking the rump hair and again after thizty days when 
the new hair had grown in. Unplucked controls of the same genotypes were also ex- 
posed to these environmental temperatures and their coat color measured before 
and after the thirty day exposure period. 

2. The subcutaneous temperature of the rump of plucked and unplucked guinea 
pigs was found to be about 33.3°C and 38.2°C at environmental temperatures of 16°C 
and 32°C respectively. The rectal temperature of pregnant guinea pigs is about 
39.1°C. 

3. The growth rate of guinea pig hair at 16°C and 32°C was determined to be 
about 0.5 mm per day. 

4. In blacks (£-B-C-P-) there was a doubtfully significant darkening at the low 
temperature. In albinos of genotype E-c*c*P- there was highly significant darkening 
at the low temperature. No other albinos darkened appreciably under either condi- 
tion. Intermediate combinations of the C-locus (c*c’, c4c’, c4c*, c’c’, c’c*) all darkened 
and in most cases significantly at both temperatures but more in all cases at the low 
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temperature and significantly so in c’c’ and c‘c*. The usual darkening with age thus 
does not require a skin temperature below 38°C (only 1°C under that before birth) 
but the process is either markedly increased or supplemented by an effect of low tem- 
perature. 

5. The pale sepia genotype E-B-C-ppF- lightens with age and low temperature has 
no effect on this process. E-B-c’c’pp however darkens with exposure to 16°C as com- 
pared to 32°C. This effect is probably similar to the darkening of the dark sepia 
genotypes. 

6. The dark brown genotype E-bbC-Pp behavés differently from any other geno- 
type tested, darkening more at 32°C than at 16°C. More study on this genotype is 
needed. 

7. Pale brown guinea pigs (Z-bbC-ppF-) lighten with age but low temperature 
retards this process indicating a partial balance between lightening with age and 
darkening due to cold. 

8. Anomalous creams (E-C-ppff) which lighten with age show a balancing effect 
similar to pale browns during the experimental period. 

9. Fading yellows (eeC-ff) lighten markedly with age. There may be a slight 
partial balancing effect of darkening with cold and lightening during the experi- 
mental period. 

10. Stable yellow (eeC-F-) genotypes lighten with age and show no effect of cold. 
eec-F- genotypes tend to increase the amount of phaeomelanin very slightly with 
age, independently of cold. The amount of yellow pigment in the hair of eec?-F- 
genotypes increases strikingly with a low skin temperature. 

11. The formation of eumelanin (sootiness) in normally yellow guinea pigs re- 
quires low skin temperature. 
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[IX some respects, the mutagenic action of the mustards on Drosophila resembles 

that of X-rays. Both are nonspecific in their effects (AUERBACH and RoBsoN 
1946), each induces an approximate five-to-one ratio of recessive lethals to visible 
deletions (SLyziInsKA and SLyzINskI 1947), the same stage of spermatogenesis ap- 
pears to be sensitive to both mutagens (AUERBACH 1953) and breaks are induced 
at random by them on the chromosome limbs (KAUFMANN éf al. 1949). Differences 
in action are also apparent—e.g., X-rays induce a higher proportion of gross rear- 
rangements (AUERBACH 1950), genetic mosaics appear more frequently after mustard 
exposure (AUERBACH 1950), and KAUFMANN ef al. (1949) showed that the number 
of translocations increases in sperm chromosomes a week or two after exposure to 
mustard (X-irradiation data show no such increase). 

It has been conclusively demonstrated in Habrobracon (WuHITING 1945a and b), 
in Sciara (BozEMAN and MErtz 1949), and in Trillium (SPARROW 1948) that con- 
tracted meiotic chromosomes in diakinesis, metaphase, and anaphase, are much 
more sensitive to X-rays than are the more dispersed and relatively immobile pro- 
phase chromosomes. In preliminary reports WHITING and von BorsTEL (1952) and 
VON BorsTEt (1952) described the action of nitrogen mustard on the oocytes of the 
parasitic wasp Habrobracon juglandis Ashmead. This study is a continuation of that 
research and is concerned with induced egg lethality and chromosome breakage. 
The results dernonstrate that nitrogen mustard acts like X-rays in that oocytes in 
the first meiotic metaphase are much more sensitive to these mutagens than are 
oocytes in the first meiotic prophase. Furthermore, the study indicates that nitrogen 
mustard differs from X-rays since single chromatid breaks predominate among the 
aberrations induced by the former whereas isochromatid breaks predominate among 
the latter (WHITING 1945b). 


MATERIALS AND METHODS 


Wild-type Habrobracon females of stock #33 were used. The females were bred 
unmated. Eggs of such females develop parthenogenetically. Adult progeny are 
haploid males. Since no masking of a recessive lethal factor can occur in haploid 
organisms, lethals, whether dominant or recessive, are always expressed. This study 
is concerned with embryo lethals only. 
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The method for identifying eggs treated in different stages of the meiotic cycle 
has been described in detail by Wuitinc (1945a). Virgin females are well fed on 
fresh caterpillars (Ephestia larvae) for several days and then kept overnight at 
29-30°C without food. Under these conditions oocytes in the late metaphase of the 
first meiotic division (metaphase I) are stored in the uterine sacs. On the following 
morning the wasps are exposed to the chemical mutagen and, following treatment, 
each is set with a previously stung caterpillar in a two-inch Stender dish. After six 
hours the wasps are removed from the caterpillars, since it is known that eggs laid 
during this time were in metaphase I when treated. The eggs are counted, and forty 
hours later hatchability percentage is determined. The females are again kept over- 
night and then set with stung caterpillars for two hours, after which time they are 
moved to new dishes containing stung caterpillars and left for five to forty-eight 
hours more. The eggs collected in the two-hour period include some which were in 
late prophase I and some which were in metaphase I when exposed to the nitrogen 
mustard. After irradiation the eggs oviposited during the five-hour period on the day 
after exposure represent those eggs which were in late prophase I when treated. This 
schedule must be modified in experiments with nitrogen mustard since females tend 
to lay their eggs more slowly after exposure to this mutagen. In a few experiments, 
females which had no metaphase I oocytes were required. These females, with oldest 
oocytes in prophase I, were obtained by removing them from cocoons just before 
normal eclosion. 

For cytological investigations, the whole-egg technique (WHITING modification of 
Schmuck-Metz method; 1950) in which the Feulgen procedure was used was em- 
ployed. 

The nitrogen mustard, methyl bis (8-chloroethyl)amine hydrochloride (kindly 
supplied by Merck and Company), was the chemical mutagen used in this investi- 
gation. The chemical was prepared as a 10% solution in distilled water and was 
delivered to the wasps as an aerosol. The period of exposure rather than concentra- 
tion of the nitrogen mustard was the variable factor in the treatment. The aerosol- 
generating apparatus used in this study was designed by Dr. JEAN KERSCHNER. It 
is a combination of techniques used by other investigators—the type of nebulizer 
used by DemMEREC (1948), the mutagen administered at intervals with fresh air as 


AEROSOL GENERATING APPARATUS 
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Ficure 1. Schematic diagram of the aerosol-generating apparatus. The mutagenic solution is 
placed in the nebulizer and is transmitted as an aerosol to the wasps contained in the exposure cham- 
bers. 
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utilized by AUERBACH and Rosson (1947a and b), and the traps and filters as sug- 
gested by Carr (1947). Since experiments could be reliably repeated, it is worth 
describing the method in detail. The plan of the apparatus used is shown in figure 1; 
the direction of flow is as follows: Air compressor—alternate air and aerosol flow 
filter (condenser of DEMEREC)—rotameter—exposure chamber or chambers—traps 
of NaOH in water—trap of KOH in 95% alcohol. The aerosol (produced by a De- 
Vilbiss-40 nebulizer) was blown over the wasps for fifty seconds, and then air was 
blown over them for ten seconds of each minute. The flow of air alone served to dilute 
the atmosphere, to evaporate coalesced droplets of the mutagenic solution which 
may have adhered to the animals or the exposure chamber, and to allow a short 
recovery of the organisms from the toxic effects of the chemical before the mutagenic 
treatment was resumed. The filter takes out of circulation the droplets over 1.5 yw in 
diameter (DEMEREC 1948). Experiments performed without the filter produced in- 
consistent results. The rotameter (flow meter) was used to measure the flow of air 
and aerosol in order to maintain a constant dose during the individual experiments 
and to enable accurate repetition of doses in additional experiments. During the 
aerosol generation period of 50 seconds, the air flow was left constant at 5.6 liters 
per minute. The flow of air alone for ten seconds of each minute was delivered at a 
rate of 25.2 liters per minute. No more than two chambers were used in series at 
any one time; wasps in the two chambers received very nearly the same dose. A 
piece of absorbent paper was placed in each exposure chamber. According to CARR 
(1947) the paper serves to absorb liquids which are extruded by flies when the mu- 
tagen reached them; more consistent results were obtained when the paper was 
present. 





RESULTS 


The Habrobracon oocyte is most sensitive to the lethal action of nitrogen mustard 
when the egg nucleus is in the first meiotic metaphase. Data in table 1 show that a 
treatment period of 5 minutes under the conditions of the experiment yielded a 


TABLE 1 


Dose-hatchability for eggs exposed to nitrogen mustard during meiolic melaphase I and prophase I 
(A) Eggs oviposited during a 5-hour period afier metaphase I oviposition; (B) Eggs oviposited 
during a 5-hour period withoul metaphase I eggs having been previously laid; (C) Eggs 
oviposited during a 48-hour period after metaphase I oviposition 





Percentage hatchability 





Metaphase 








= exs/ Prophase I 
emale V 8 
fetaphase I B Cc 
5 hr Prophase only 48 hr. 
Control 13.2* 313/328 = 95.5 + 1.15) 81/84 96.4 + 2.06/68/78 = 87.2 + 3.78/141/146 = 96.6 + 1.50 

















5 7.16 19/86 = 22.1 + 4.48) 76/98 = 77.6 + 4.21 

15 9.49 0/332 = 0 1170/2609 = 63.2 + 2.94 

30 10.03 0/587 = 0 186/321 = 57.9 + 1.76)29/34 = 85.3 + 6.07 

60 5.15 0/278 = 0 3/63 = 4.76 + 2.69)46/97 = 47.4 + 5.07/384/817 = 47.0 + 1.75 
= 0 2/54 = 3.70 + 2.57 163/516 = 31.6 + 2.05 


90 6.10 0/238 


*A. R. Whiting, 1945a. 
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hatchability percentage of 22.1 for metaphase I oocytes. After a 15-minute exposure 
none of the eggs hatched. The approximate 100% lethal dose for metaphase I oocytes 
is probably about 10 minutes. 

Oocytes treated in the first meiotic prophase (prophase I) were more resistant to 
the action of nitrogen mustard (table 1). Total lethality of the prophase I eggs may 
never be obtained since the females die before they are sterilized. Most of the short 
exposure experiments were done following the procedure of Wuitinc (1945a) in 
which the eggs treated in prophase I were collected over a 5-hour period. It was 
observed that prophase I hatchabilities (table 1, col. B) were considerably higher 
when newly eclosed females were treated. Newly eclosed females have no more than 
one metaphase I oocyte. It was concluded that the lower hatchabilities recorded for 
the 5-hour collections of prophase I eggs (col. A) were due to retention of metaphase 
I oocytes. The female wasps were apparently weakened by the chemica] mutagen 
and oviposited less freely than the controls. A calculation of the average number of 
metaphase I eggs per treated female when compared with control number (table 1) 
corroborates this point of view. The metaphase I hatchability data are in no way 
invalidated. For higher doses, the prophase I eggs were collected over a 48-hour 
period. Only the females which had oviposited fewer than 50 eggs, the approximate 
number of postsynaptic prophase I oocytes, were included in the tabulation. 


Experiments on meiotic stage sensitivity 


All experiments were designed so that the eggs which were treated in metaphase I 
were laid on the day of treatment. The possibility exists that nitrogen mustard may 
act for only a short time on the oocyte, after which “poisoning” would gradually 
diminish with time. (The half life of nitrogen mustard in a neutral aqueous solution 
is approximately 30 minutes, KOLMARK and WESTERGAARD 1949. Although the 10% 
solution used on Habrobracon was not neutral, the nitrogen mustard was apparently 
rapidly dissipated, since delayed mating of treated females demonstrated a lack of 
mutagenic effect on the sperm, WHITING and von BorsTEt 1952.) Presumably this 
would permit eggs laid on the day following treatment (the oocytes treated in pro- 
phase I) to recover and thus allow a higher percentage to hatch. The following ex- 
periment excluded the possibility that a “temporary effect” occurred, allowing eggs 


TABLE 2 


Tests for recovery of oocytes. Hatchability of eggs laid on different days after nitrogen mustard treatmen! 
using a 30-minute dose 


Day eggs laid Percentage hatchability 
Experiment - “ : 
Metaphase I Prophase I Metaphase I Prophase I 
IA 1 2 0/170 = 0 42/75 = 56.0 + 5.73 
IB 2 3 0/57 = 0 9/17 = 52.9 + 12.1 
IIA 1 2 0/120 = 0 54/101 = 53.5 + 4.96 
2 3 0/106 = 0 28/47 = 59.6 + 7.15 


IIB 


Average 0/453 = 0 133/240 = 55.4 + 3.12 
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laid on the second day after treatment to “‘heal.’’ Table 2 summarizes the data from 
two experiments in each of which the females of one group (col. A) were allowed to 
lay their eggs treated in metaphase I on the day of treatment and their eggs treated 
in prophase I on the day after treatment. The females in the second group (col. B), 
in each experiment, were put on the caterpillars on the day after treatment to lay 
their metaphase I eggs; their prophase I eggs were laid two days after treatment. 
The results of the experiments were consistent throughout. Not one of the eggs 
treated in metaphase I hatched; 55.4% of the eggs treated in prophase I hatched. 
Under the conditions of the experiment, there was no evidence for recovery of oocytes 
after the nitrogen mustard had long been broken down. 

In wasps, the mature metaphase I oocytes in the uterine sacs are nearer to the 
vaginal opening and are oviposited first; the oocytes in prophase I are still growing 
in the ovarioles. Although the mutagen probably reaches the ovarioles through the 
tracheoles (DEMEREC 1945), there exists the possibility that the difference in sensi- 
tivity to nitrogen mustard treatment between oocytes in metaphase I and prophase I 
was due to the more ready access of the chemical to the metaphase I oocytes. Some 
evidence was provided by the following experiment which suggests that differential 
accessibility is not a factor in determining sensitivity. Hatchability of prophase I 
eggs from treated females that had no metaphase I eggs was compared with hatcha- 
bility of eggs from treated females that had stored metaphase I eggs. Table 1 shows 
that hatchability was not lower for the eggs treated in prophase only (col. B) than 
for prophase I eggs in the treated metaphase I and prophase I (col. A or C) oocyte 
group. Therefore, it seems likely that nitrogen mustard does reach the younger 
oocytes when the oldest are present. 

Better evidence was provided by some experiments carried out on Sciara (VON 
BorsTeEt 1953). When a Sciara female ecloses, her eggs are in the early prophase of 
the primary oocyte stage. During the next 60 hours at 19°C, the eggs proceed syn- 
chronously through prophase and metaphase to the early anaphase of the first 
meiotic division at which stage they remain until laid (REYNoLDs 1941; BozEMAN 
and Metz 1949; Crouse 1950). In Sciara there is no question of differential accessi- 
bility since the oocytes are all in the same stage of maturation. Females treated with 
nitrogen mustard at different stages of the meiotic cycle provided evidence that 
the oocytes in late metaphase or early anaphase are more sensitive to nitrogen mus- 
tard than are the early prophase I oocytes. 


Chromosome breakage 


SPEICHER (1936) described the stages of oogenesis and cleavage in the unfertilized 
egg of Habrobracon, and his observations are summarized as follows: The matura- 
tion of the unlaid oocyte proceeds to and is interrupted at the first meiotic meta- 
phase, in which stage the oocyte remains until after oviposition when maturation 
is resumed. During oviposition the first meiotic spindle passes from the dorsal to 
the ventral side of the egg. The first meiotic division occurs and the chromosomes 
pass quickly into telophase I. The second meiotic division follows immediately; the 
four haploid groups of chromosomes (Ja, 1b, 2a, and 2b) lie consecutively more or 
less in a line perpendicular to the egg surface. Polar body Ja quickly degenerates 
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and polar bodies /6 and 2a slowly fuse, while the spherical pronucleus 2) migrates 
into the interior of the egg. The nuclear divisions are synchronous and syncitial 
until occurrence of blastoderm formation at the tenth or eleventh cleavage. 

The breakage-fusion-bridge cycle (McCirntock 1938) operates in the meiotic 
chromosomes of irradiated Habrobracon oocytes (WHITING 1945a and b) and iso- 
chromatid breaks can be distinguished from single chromatid breaks. A double 
chromatid break induced at metaphase I results in a fragment which is often visible 
in the first meiotic division. A bridge, formed by fusion of broken dyads, can be 
detected in the second meiotic division; if the bridge is between polar body 2a and 
pronucleus 2), it appears in all succeeding cleavage divisions. The result of a single 
chromatid break is not manifest in the first meiotic division, but in the second 
meiotic division a fragment is left between the separating anaphase chromosomes. 
Each succeeding cleavage is marked with a bridge if the injured chromosome gets 
into the pronucleus. 

The cytological studies planned for detection of isochromatid fragments in the 
first meiotic division were made on the anaphase I and metaphase II stages. When 
fragments occur, they lie between the separated dyad groups. A low percentage (11.9) 
of the first meiotic divisions possessed discernible fragments, and these were scored 
as isochromatid breaks (table 3). Fragments and bridges that were detected in ana- 
phase II, during pronucleus formation and migration, or in cleavage I metaphase 
are recorded under the caption ‘“‘Meiotic Division IT” in table 3. Of the eggs analyzed, 
chromosome bridges and fragments were found in 32.9%. Either separately or in 
combination, pronuclear migration and polar body fusion occasionally obscured the 
constitution of the break (whether single or iso-). Half the definable breaks were 
single chromatid in nature; however, there probably existed additional single chro- 
matid breaks which were hidden in many of the eggs examined. The round pronu- 
cleus often lay near the polar bodies, possibly eclipsing the fragments, or the pro- 
nucleus had migrated so far into the interior of the egg that the tiny, single chromatid 
fragments were obliterated during this process. Teardrop-shaped pronuclei, signify- 
ing bridges, were scored as isochromatid breaks (WuITING 1945b and 1948). Nitrogen 
mustard drastically impeded the chromosome cycle at the beginning of metaphase 
of cleavage I. With the technique used, very few embryos were obtained which were 
in early cleavage. Anaphase and telophase of the first cleavage and prophase of the 
second cleavage were analyzed for bridges and fragments which occurred in cleavage 
I, and totals are recorded in table 3. Of the 17 eggs examined in cleavage I, 88.2 % 
had definable bridges and fragments. The data are preliminary but significant. 


TABLE 3 


Cytological observations of meiotic stages following treaiment with lethal doses at metaphase I 


| e | 
Total Iso- | Single | Undeter- Total Percentage 





Sta i A | 
etaiaed | analyzed | a a am = | — breaks breaks 
Meiotic Div. I 422 | 5 | 0 0 5 | 11.9 
Meiotic Div. II 79 | 9 9 | 8 Ss |} @Ss 
Cleavage I | 17 0 0 | 15 15 88.2 
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DISCUSSION 


It is useful here to consider the comparative actions of nitrogen mustard and X- 
rays on the oocytes of Habrobracon. Figure 2 shows dose-hatchability curves for 
nitrogen mustard and X-rays. The metaphase hatchability curves were superimposed 
to provide a scale for comparison of the prophase hatchabilities. It is apparent that 
metaphase I and prophase I show the same relative sensitivity to both nitrogen 
mustard and X-rays. The hatchability of prophase I oocytes, which were assumed 
to have had some metaphase I oocytes mixed with them during collection, shows a 
type of curve which is consistent with the conclusion that metaphase I oocyte reten- 
tion had occurred. 

With metaphase sensitivities used as criteria for comparing effects of X-rays and 
nitrogen mustard it was observed that sperm were far more sensitive to nitrogen 
mustard than they were to X-rays (WHITING and von BorsTEL 1954). It seems likely 
that sperm nuclei are more readily accessible to nitrogen mustard than are egg 
nuclei. Consequently, the X-ray data probably give a truer picture of stage sensi- 
tivity between nuclei of different cell types. Virtually every morphological and chemi- 
cal feature which distinguishes metaphase, prophase, and interphase nuclei has 
been used by investigators in this field as a reason for differences in sensitivity of 
meioticand mitotic stages to X-rays (SPARROW 1951). The experiments with nitrogen 
mustard do not provide an answer but do indicate that any model devised must 
provide an explanation for the mutagenic action of mustard as well as that of X-rays. 
Moreover, the phenomenon of differential sensitivity may perhaps be of a general 
nature; i.e., the relative sensitivity of a given type of meiotic cell to mutagenic agents 
may be independent of the mutagen but dependent on the stage of the chromosome 
cycle. 

At lethal doses of X-rays, the breakage-fusion-bridge cycle operates in nearly all 
the exposed eggs (WHITING 1945b). The same seems to be true for lethal doses of 
nitrogen mustard. However, a striking difference between X-rays and nitrogen 
mustard resides in their relative abilities to break chromosomes. Figure 3 shows the 
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FicurE 2. Dose-hatchability curves from X-ray and nitrogen mustard experiments comparing 
the sensitivity of oocytes treated in metaphase I with those treated in prophase I. 
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comparative effectiveness of lethal doses of nitrogen mustard and X-rays in inducing 
chromosome breaks at metaphase I in Habrobracon eggs. It should be noted that the 
degree of injury appearing at the first and second meiotic divisions induced by nitro- 
gen mustard are fewer than with X-rays. However, at cleavage I it becomes clear 
that the percentages of breaks induced at lethal doses by the respective mutagenic 
agents are nearly the same. 

Conceivably, a preponderance of single chromatid breaks induced by nitrogen 
mustard (most of the fragments being obscured in the second meiotic division) 
explains the increase in observed bridges and fragments from 11.9% (metaphase I) 
to 88.2% (cleavage I). A comparison of eggs treated with lethal doses of nitrogen 
mustard and X-rays reveals the low frequency of observable fragmentation from 
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FicureE 3. A comparison of the mutagenic effects of lethal doses of X-rays with nitrogen mustard; 
chromosome modifications induced in Habrobracon oocytes treated in metaphase I which appeared 
at subsequent nuclear divisions. 
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mustard. The fragments are much smaller than those induced by X-rays, and there 
is rarely more than one fragment or bridge per egg. Irradiated eggs, on the other 
hand, often contain fragments which are almost as large as chromosomes, and fre- 
quently there are several fragments and bridges per egg. Occasionally, after mustard 
treatment, bridges are present in the second meiotic division and yet it is impossible 
to discern any fragments between chromosome groups /b and 2a. It is possible that 
isochromatid breaks were induced near the ends of chromosomes in these cases; since 
bridges were never detected in the first meiotic division, all breaks apparently oc- 
curred proximal to the terminalized chiasmata. 

AUERBACH and Rosson (1947a) and KAUFMANN el al. (1949) observed that sub- 
lethal doses of mustard do not produce many gross rearrangements in chromosomes 
when compared to the number of recessive lethals or small deletions. Drosophila 
sperm were treated in these experiments and the aberrations were located genetically 
before observations were made on the salivary gland chromosomes. AUERBACH (1950) 
suggested that a relative shortage of large rearrangements compared with lethals 
(SLIzyNsKA and SiizyNnskI 1947) may be due either to a relative inefficiency of the 
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treatment to break the chromosomes, or to some secondary effect which interferes 
with new reunions. She prefers the latter interpretation, but evidence from Habro- 
bracon shows that nitrogen mustard is relatively ineffective in producing isochromatid 
breaks, and these data would seem to favor the former hypothesis. 

As suggested by WuiTING (1945b), single ionizations probably cause isochromatid 
breaks, and such breaks occur frequently. There are some indications that more iso- 
chromatid breaks are induced by high doses of nitrogen mustard than by low doses, 
although dominant lethality is 100% in both cases. This would suggest that a con- 
siderable number of inversions and translocations may possibly be induced by nitro- 
gen mustard, but only at doses well above the 100% lethality level. This phenomenon 
is being more fully investigated. 


SUMMARY 


(1) An analysis has been made of the induction of total egg lethals by nitrogen 
mustard in Habrobracon oocytes treated at two different stages of meiosis. 

(2) The aerosol-generating apparatus designed for this study was reliable for 
testing the mutagenic action of nitrogen mustard; results were repeatable, and dose- 
hatchability data were consistent. 

(3) The first meiotic metaphase is approximately 25 times as sensitive to nitrogen 
mustard as the first meiotic prophase. These data exactly parallel the results found 
by using X-rays on the same material (WxrTING 1945a). 

(4) It is suggested that the response to mutagenic agents of meiotic nuclei in a 
similar cytoplasmic environment may be independent of the mutagen but dependent 
on the stage of the chromosome cycle. 

(5) Chromosome analysis indicates that approximately 100% lethal doses of 
nitrogen mustard predominantly induce single chromatid breaks. WuitING (1945b) 
demonstrated that under the same conditions, X-rays predominantly induce iso- 
chromatid breaks. 

(6) The low ratio of gross rearrangements to recessive lethals found in Drosophila 
(AUERBACH 1950) may be related to the relative inefficiency of nitrogen mustard in 
inducing isochromatid breaks. 
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BEADLE and Coonrapt (1944) showed that when two different biochemical 

mutants of Neurospora crassa, of the same mating type, were combined on a 
minimal medium unable to support the growth of either mutant, a heterocaryon 
with wild type growth rate was formed. The ability to form a heterocaryon between 
two mutant strains has been taken to indicate that the mutant genes involved are 
not allelic, although the failure to form a heterocaryon does not necessarily mean 
that the genes are allelic. The inability to form a heterocaryon may also be due to 
the impossibility of obtaining a suitable nuclear ratio through the dominance rela- 
tionships of the genes concerned, or to the action of other genes as reported by GARN- 
josst (1953) for inositolless and riboflavinless strains or as described below in a 
genetically more complex situation involving strains requiring pantothenic acid 
or lysine. 

METHODS 


The basal medium was the standard Neurospora minimal (BEADLE and TatuM 
1945). All cultures were grown at 25°C. Special growth tubes as described by Ryan, 
BEADLE and Tatum (1945) were used for growing heterocaryons. Spore suspensions 
of the strains to be tested for heterocaryon formation were made in sterile distilled 
water from cultures grown on Horowitz complete medium (Horowitz 1947) for 6 
days. Loopfuls of each of the two suspensions were then placed together on the 
surface of the agar in the growth tube. The general procedures for dissection of asci, 
determining the mating type of cultures, maintaining stock cultures, sterilization of 
media, etc., were the same as those used by BEADLE and Tatum (1945). Crosses were 
made on the medium described by WESTERGAARD and MiTcHELt (1947), with the 
addition of appropriate supplements for the mutants concerned. 

The mutants used were:—5531 (pantothenicless) Tatum and BEADLE (1942), 
unable to synthesize pantothenic acid; 1633 (aminobenzoicless) ZmmmeEr (1946), 
requiring p-amino-benzoic acid; and 4545 (lysineless)' DoERMANN (1946), requiring 
the amino acid lysine. 

EXPERIMENTAL 


When the experiments of BEADLE and CoonrADT were repeated with reisolates of 
the same mutants, these being obtained from crosses of the original mutant strains 
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to various wild types, heterocaryons were not formed as expected. This suggested 
that the factors controlling the formation of heterocaryons were more complex than 
previously thought. After preliminary experiments, the mutants 5531 (pantothenic- 
less) and 4545 (lysineless) were selected to further investigate this problem. Only 
heterocaryons between strains of the same mating type have beén investigated in 
this work. 

5531A was crossed to the EMERSON wild type, E5297a, and 132 pantothenicless 
random spore isolates from this cross were tested for their ability to form hetero- 
caryons with the lysineless tester strains 4545A and 4545a. Of these cultures 110 
failed to form a heterocaryon with the tester strains. Of the 22 strains forming 
heterocaryons only 11 gave a heterocaryon with wild type growth rate. Following 
other crosses and after more isolates were tested it was possible to recognize six 
different types of heterocaryotic growth within this system. These various types 
were quite constant and classification of any particular growth was readily made 
into one or the other of the classes. The types may be described as follows (see fig. 1). 


Type I 


Growth begins within a few hours of inoculation and soon reaches the wild type 
growth rate (4.4 mm./hr.). The mycelium has the same appearance as wild type and 
the mycelia] frontier is sharp and well defined. 


Type II 


The mycelial and growth characteristics of this type of heterocaryon are identical 
with those of type I. However growth does not begin until after a delay of 35-90 
hours following inoculation. The commencement of growth is well defined and not 
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Ficure 1. The types of heterocaryotic growth observed between different reisolates of 5531 and 
the tester 4545 strains. 
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Type III 


Growth commences soon after inoculation and with the wild type growth rate, but 
comes to an abrupt halt after a period of growth varying from 30-60 hours. At the 
point where growth ceases the mycelium assumes a characteristic highly branched 
appearance and the immediate edge of the mycelium has a different appearance to 
the main body of the hyphae, being thinner and closely appressed to the medium. The 
actual time at which growth ceases is variable even when replicates of the same 
strains are inoculated. Hyphal tips taken from the region where growth has ceased 
grow on pantothenic acid supplemented media, but not on media containing lysine. 
In addition, if pantothenic acid is added to the region where growth has ceased the 
mycelium is stimulated to grow but no growth occurs if lysine is added in this way. 
If left for eight to ten days this type of heterocaryon may recommence growth and 
later stop again. Hyphal tips taken from the actively growing phase of such hetero- 
caryons continue to grow for 24-48 hours after transfer but then stop. Thus this type 
of heterocaryon appears to be in an unstable state with the pantothenicless nuclei 
being in excess of the lysineless nuclei. 


Type IV 


This has the same general growth characteristics as type III with the exception 
that growth does not begin until 35-90 hours after inoculation. 


Type V 
Growth begins 12-24 hours after inoculation. The mycelium is much less vigorous 
than the wild type, is thinner and somewhat appressed to the medium. The mycelial 
frontier is not well defined. Sometimes the growth becomes progressively thinner, 
slows down and may eventually cease altogether. The maximum growth rate attained 
never exceeds 3 mm./hr. and growth is often not linear. 


Type VI 
The growth characteristics of this type are the same as for type V but like types IT 
and IV growth does not begin until 35-90 hours after inoculation. 


Type VII 


For uniformity in the scheme, this type includes those strains which do not give 
any heterocaryotic growth with the tester strains. 


Proof of the heterocaryotic condition 


The method of BEADLE and Coonrapt (1944) was used to prove the heterocaryotic 
condition and this was readily established for heterocaryon types I, II, V and VI. 
However it was not possible to use this method for types III and IV. Hyphal tips 
from these two types show only limited growth, insufficient to enable the heterocaryon 
to be crossed to wild type. However the hyphal tips from these two types show more 
growth on minimal medium than that obtained when hyphal tips from either mutant 
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TABLE 1 


Results of intercrossing various heterocaryon types 








Heterocaryon Total no. 











types crossed asci tested Results 
Ex & 15 Progeny all type I. 
Ix IJ 1 Progeny consisting of types I and II segregating 1:1 in the 
ascus. : 
Ix Il 16 Progeny consisting of types I and III segregating 1:1 in the 
ascus. 
Ix IV 17 Both parental types I and IV and recombinant types II and 
III recovered in progeny. 
ss. ¥ 37 Types I and V only recovered, segregating 1:1 in the ascus. 
Ix VII 23 Types I, II, II, IV, V, VI, VII recovered. 
VII x VII 18 All progeny type VII. 


TIIx IV 11 Types III and IV segregating 1:1 in the ascus. 


are transferred to minimal medium and this is taken as evidence for the presence of 
both mutant nuclei in these types of heterocaryon. 

From the growth characteristics of the various heterocaryon types a number of 
features can be recognized which are associated with the formation and growth of a 
heterocaryon. (1) The establishment of a heterocaryon, (2) the time lag in the initia- 
tion of growth, (3) the ability to maintain growth, (4) the growth rate and habit. It 
has been possible to show that these various characteristics are under genetic control. 
When the various heterocaryon types are crossed to one another segregation for these 
types occurs in the progeny. The results of the various crosses are shown in table 1. 

On the basis of the data summarised in table 1 and on other evidence to be pre- 
sented below, the following hypothesis for the genetic control of heterocaryons in 
N. crassa has been formulated. The formation of a heterocaryon between strains of 
the pantothenicless mutant 5531 and the lysineless mutant 4545 is under the control 
of genetic factors. These genes control not only whether or not a heterocaryon will 
form, but the growth characteristics of the heterocaryon, should it form. Four genes 
have been identified as controlling these characteristics. This represents the minimum 
required to fit most of the present data, and it is likely that additional genes affect 
the process. These four genes can be described in terms of their effects as follows:— 

Gene W (allernative allele W’). Heterocaryotic growth can only occur in the presence 
of the W allele of this gene. However allele W alone is not sufficient and an interaction 
between this allele and alleles X and Y of the gene pairs X/X’, Y/Y’ (described 
below) occurs, so that allele W must be present with either of alleles X or Y for a 
heterocaryon to form. 

Gene X (alternative allele X’). Allele X of this gene exerts an influence on the growth 
rate and general vigour of the heterocaryotic mycelium. Segregation of this gene 
and its alternative allele X’ has been demonstrated. Pantothenicless strains giving 
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type V heterocaryotic growth with the tester strains differ from those giving type I 
by the presence of allele X’ in the former strains and in crosses of these two types a 
1:1 segregation of the parental types occurs in the ascal progeny. 

Gene Y (alternative allele Y'). Allele Y of this gene is concerned with the main- 
tenance of the heterocaryotic condition. Pantothenicless strains giving type III 
heterocaryons with the tester strains differ from those giving type I growth by having 
the alternative allele Y’ and crosses between these two types result in only the 
parental types occurring in the progeny, segregating 1:1 in the ascus. 

Gene Z (alternative allele Z’). The presence of the Z allele of this gene enables any 
heterocaryon formed to commence growing soon after inoculation but in the presence 
of the alternative allele Z’ growth will be delayed, as in types II, IV, and VI. 

It is not known which of the above alleles of these various genes is the dominant 
form. The only test for dominance in Neurospora is the heterocaryon test so that the 
dominance or recessiveness of genes affecting the process of heterocaryon formation 
cannot be determined. 

On the basis of this scheme genotypes, with respect to the four genes, of panto- 
thenicless strains giving the various heterocaryon types can be formulated as follows: 


I WXYZ 

II WXYZ’ 

Ill WX Y'Z 

IV W X Y'Z' 

V WXYZ 

VI W X'Y Z' 
VII Ww’ --- 

- X'y’ 


As previously mentioned the genetic constitution of the tester strain will un- 
doubtedly be of importance. To investigate this would require an analysis of the 
lysineless strains in much the same way as that made for the pantothenicless strains. 
This is probably not possible because crosses in which both parents carry the lysineless 
gene are highly infertile, and so the analysis would have to be made through crosses 
to wild types and this would be both difficult and tedious. Clearly, the genotypes 
assigned above are valid only for the particular tester strains used. 

In order that the segregation and phenotypic effects of the various genes postulated 
to affect heterocaryon formation may be studied it is necessary that the alternative 
alleles to the active alleles be introduced into the strains to be analysed. As 5531 
evidently carried al] the genes necessary to form a type I heterocaryon the first step 
in the genetic analysis is to cross this strain to another which could be expected to 
carry the alternative alleles of the various genes. As described above, the wild type 
EMERSON wild type E5297a was selected for this purpose and crossed to 5531A. The 
analysis of such a cross is limited by the fact that half the progeny are wild type and 
thus cannot be tested for heterocaryon formation. If both parents carry the panto- 
thenicless allele then all spore pairs of the ascus may be examined for the ability to 
form a heterocaryon. If one parent of the cross is of type I, such as 5531, it is obvious 
then that-the segregation of the maximum number of genes affecting heterocaryon 
can be obtained by selecting a type VII (i.e. a pantothenicless strain unable to form a 
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heterocaryon with the tester strain) as the other parent. Accordingly a strain of this 
type, 449-8a, was selected from the progeny of the cross 5531A x 5297a and then 
crossed to 5531A. The hypothesis described above is based on the subsequent analysis 
of progeny resulting from this cross. 

From the progeny of the cross 449-8a x 5531 all heterocaryon types I through VII 
were recovered. On the basis of the four gene hypothesis 28 types of asci with re- 
spect to the seven different types of heterocaryons are possible. Of 23 asci analysed, 
12 of these types, and no others, were obtained. The segregation of the four genes 
was demonstrated by taking asci showing various segregations of heterocaryon types 
and making crosses between the various ascospore pairs within each ascus. Two such 
asci were analysed in this way, asci 560 and 562, both from the cross 449-8a x 5531A. 


Analysis of ascus 560 


The segregation of the ability to form a heterocaryon in ascus 560 is shown in 
table 2. All crosses possible between members of the ascus and crosses to the parents 
were made. The progeny were then tested against the standard 4545 tester strain of 
like mating type. The results of the various crosses were as follows:— 

560-1 x 560-3.—Only segregation for W/W’ can be predicted for this cross. Twenty 
asci were analysed with the results seen in table 3. As only phenotypes III, IV, and 
VII occur in this cross it is likely that it is heterozygous for W/W’ and homozygous 
for both X and Y’. As types III and IV occur it must be heterozygous for Z/Z’. 
There is a 1:1 segregation for the ability to form a heterocaryon. On the basis of this 
cross we can assign the genotype W’X Y’Z to 560-3 and so 560-7 must be of genotype 
W’X'YZ’. This can be confirmed by the other crosses. 

560-1 x 560-7.—On the basis of the previous cross, this cross should be hetero- 
zygous for W/W’, X/X’, Y/Y’ and homozygous for Z’. Thus only types II, IV, VI 
and VII should appear in the progeny, and this was found to be the case (see table 
4). The results from this cross are consistent with the previously postulated genotypes 
for the spore pairs of ascus 560. 

It has previously been postulated that genes W, X and Y interact so that for a 
heterocaryon to form, gene W and either or both of genes X and Y must be present. 
The cross supplies evidence for this view. Of the 19 asci analysed from this cross, 
10 show segregation for one pair able to form a heterocaryon and three pairs unable 
to do this, and three asci show segregation of four pairs unable to form a heterocaryon. 
As the cross is heterozygous for W/W’, then two ascospore pairs in each ascus will be 
of type VII and be unable to form a heterocaryon. When a third or fourth ascospore 
pair also fail to form a heterocaryon the genotype of these members must contain the 
W allele and hence failure to form a heterocaryon must be due either to a fifth gene 
controlling the ability to form heterocaryons or to an interaction between alleles 
W, X and Y. As no evidence has been found to indicate a fifth gene with this postu- 
lated effect and the results can be completely accounted for by assuming the inter- 
action, this has been the explanation adopted. This cross also supplies evidence that 
the allelic pair Z/Z’ does not effect the actual formation of a heterocaryon but only 
the time at which heterocaryotic growth begins. The formation of heterocaryons or 
the failure to do so can be completely explained in terms of genes W, X and Y. 
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TABLES 2 To 11 


Genetic analyses of two asci from the cross 449-8a (pantothenicless, type VII) x 5531-A 


(panthothenicless, type I) 


Numbers of ascospore pairs producing different types of heterocaryons when combined with standard 





lysineless strains (4545A and 4545a) of like mating type 












































Type 
F 4 | m | m | Iv eS | vr | vi 
Ovens Number ——___— SSE Sea D 
= Postulated genotype 
WX wx |wx| wx WK wx | wes 
YZ z' ‘Z Y'z’ Zz YZ’) -x’y’- 
449-8a x 5531-A 1 1 2 
Table 2 | 1 (560-1a) (560-5a) | (560-3A, 
| 560-7A) 
560-1a x 560-3A , a 2 2 
Table 3 3 | 1 1 2 
> | 2 2 
560-1a x 560-7A | 4 1 1 2 
Table 4 | | 1 1 2 
3 1 1 2 
3 1 3 
3 1 3 
2 1 3 
3 4 
560-5a x 560-7A 4 2 2 
Table 5 2 2 
12 1 oe 2 
| 
560.3A x 560-Sa 1 2 | 2 
Table 6 1 1 2 
2 1 1 | 2 
2 1 1* | 2 
3 1 1 2 
5 1 1? 2 
1 1 -i 2 
560-1a x 5531-A 2 2 2 
Table 7 7 2 2 
8 1 1 1 1 
449-8a x 5331-A 1 1 1 2 
Table 8 (562-7a) (562-5A) (562-1a, 


562-3A) 











124 BRUCE W. HOLLOWAY 


TABLES 2-11—continued 








Type 
WEF ni | ov hs | vw | VII 
Cross Number —— 7 ‘ — a 
‘ ascl 
Postulated genotype 
WX W x Ww x w xX - Ww Xx’ W x’ | w?—* 
YZ yz Y¥y’Z ae od YZ ¥ 2} -X’ Y’- 
562-3A x 562-7a 1 1 1 2 
Table 9 1 1 1 2 
1 1 1 2 
1 2 2 
2 1 1 2 
1 1 1 2 
1 1 1 2 
2 1 3 
2 1 | 3 
1 a 
1 1 3 
1 1 3 
562-1a x 5531-A 2 1 1 | | 2 
Table 10 3 1 1 2 
Z 2 
4 1 1 2 
1 2 2 
3 1 1 2 
562-5A x 449-8a 1 2 2 
Wars 3 1 1 2 
Table 11 2 x 4 2 
2 1 3 
3 1 3 
1 4 


* Type VI unexpected segregant. 
** Type VII phenotype can be: W’X YZ, W’XYZ’, W'XY’Z, W'XY'Z’, W'X'YZ, W’X'YZ’, 
W'X’Y'Z, W'X'Y'Z, WX'Y'Z, ao WX'Y'Z’. 


560-5 x 560-7.—On the basis of the previously assigned genotypes, W/W’ and Z/Z’ 
are heterozygous and alleles X’ and Y are homozygous in this cross. Thus only 
types V, VI and VII should be obtained in the progeny, and a 1:1 segregation of 
ability to form a heterocaryon should occur in the ascus. This was the result obtained 
(table 5). 

560-3 x 560-5.—This cross is heterozygous for allelic pairs W/W’, X/X’ and Y/Y’ 
and homozygous for Z. Thus only types I, III, V and VII should appear in the 
progeny. This expectation was not borne out experimentally and a number of asci 
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showed segregation for type VI. The various segregations observed are shown in 
table 6. 

The presence of all the expected heterocaryon types in this and other crosses con- 
firms the four gene hypothesis of heterocaryon formation. The occurrence of type VI 
amongst the progeny can be accounted for by postulating an additional gene, the 
action of which is similar to that of the allelic pair Z/Z’, but acting specifically on 
type V heterocaryons. The allele of the gene causing delayed growth can only be 
detected in the presence of strains giving the type V response. The cross is evidently 
heterozygous for this gene. If the allele causing delayed growth is carried by 560-3 
then the cross to 560-1 would not allow its expression because the progeny of this 
cross does not include any strains giving type V heterocaryotic growth with the tester 
strains. If this allele is carried by 560-5 then in the cross 560-5 x 560-7 its presence 
would not be detected as the cross is heterozygous for alleles Z/Z’ and type VI 
heterocaryons are expected in the progeny of this cross. Thus the complete segrega- 
tion of this postulated gene could not be followed. Effects attributable to this gene 
were not detected in any other cross, so the presence and effects of this fifth gene 
must remain presumptive. 

560-1 x 553-1.—This cross is heterozygous for both Y/Y’ and Z/Z’ and homozygous 
for W and X, and the observed segregation for types I, II, III, and IV only and in 
the ascal configurations expected is additional confirmation of the four gene hypothe- 
sis (see table 7). 

560-5 x 5531.—Here the only allelic pair segregating is X/X’ and the 17 asci ana- 
lysed showed a 1:1 segregation for heterocaryon types I and V when combined with 
the tester strains. 

560-3 x 449-8 —This cross is homozygous for W’. As expected therefore all progeny 
were of type VII, i.e. unable to form a heterocaryon with the tester strain. 

560-7 x 449-8.—All progeny of this cross failed to form heterocaryons with the 
tester strains. From the genotypes of the parents, this cross is homozygous for both 
W’ and X’, so this was the expected result. 


Analysis of ascus 562 


An analysis similar to that made for ascus 560 was carried out with ascus 562. 
While the analysis was not so detailed it is sufficient to show the segregation of the 
four genes already postulated. When members of ascus 562 were tested against the 
tester strains for heterocaryon formation the responses shown in table 8 were ob- 
tained. It is seen that genotypes may be assigned on the basis of these results in a 
much more complete manner than was possible with ascus 560. This distribution can 
be completed and confirmed by making various crosses with the parents and between 
the various spore members. The results of these crosses will now be considered in 
turn. 

562-1 x 562-3.—Eleven asci were analysed from this cross. All the progeny failed 
to form heterocaryons with the tester strains. This result is consistent with the as- 
signed genotypes for 562-1 and 562-3. This cross gives no information about the 
segregation of alleles X/X’, but this is supplied by several of the other crosses. 


562-1 x 562-5.—The ascospores from this cross showed extremely poor germina- 
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tion and although over forty asci were dissected none gave germination in al] four 
spore pairs thus preventing the analysis of this cross. 

562-3 x 562-7.—Fifteen asci were analysed from this cross with the results given 
in table 9. It is seen that all heterocaryon types I through VII occur in the progeny, 
and hence all four genes must be heterozygous in this cross. As 562-7 is type I and 
hence of genotype W X Y Z, then 562-3 must have the genotype W’X’Y’Z’. Here 
again we have additional evidence for the interaction between genes W, X and Y 
to give the type of ascus in which more than two spore pairs show the type VII 
response. From the results of this cross we now assign genotypes to all members of 
this ascus, 562-1 W’XY'Z’, 562-3 W’X'Y'Z’, 562-5 WX'YZ, 562-7 WXYZ. Addi- 
tional evidence for this segregation comes from the following crosses. 

562-1 «x 5531.—Fourteen asci were analysed from this cross with the results given 
in table 10. From the results of the cross 562-3 x 562-7 we have assigned the genotype 
(W’XY’Z’) to 562-1. Hence in the cross of this latter strain to 5531, which has the 
genotype WXYZ, we expect to find only types I, IT, III, IV and VII. This was found 
to be the case and the results of this cross confirm the genotypes assigned on the 
basis of the previous cross. 

562-5 x 449-8.—This cross completed the analysis of ascus 562. The results from 
this cross are given in table 11. This cross is between genotypes WX’YZ and 
W’X’Y’Z’ and the expected segregation for types V, VI, and VII only is realized. 
This cross supplies additional confirmatory evidence for the interaction occurring 
between W, X, and Y in the formation of a heterocaryon. 

No further evidence was found in the analysis of ascus 562 for the additional 
gene previously postulated to act specifically on the type V heterocaryon to produce 
the type VI heterocaryon. 

The results of the analysis of both asci 560 and 562 thus confirm the experimental 
hypothesis for the genetic control of heterocaryon formation and growth. Preliminary 
experiments with other mutants suggest that the results obtained with the lysineless- 
pantothenicless heterocaryon are of general application in the formation of hetero- 
caryons between biochemical mutants but these tests were not carried far enough 
to indicate the number of genes involved nor their relationship, if any, to genes 
W, X, Y and Z. 


Influence of the tester strain on the type of heterocaryolic growth 


It has been shown above that the genotype of one partner in the combination of 
two strains to form a heterocaryon will determine the nature of the heterocaryotic 
growth resulting or may even prevent heterocaryon formation. It is thus likely that 
the genotype of the second strain will also exert a similar influence. Thus four genes 
carried by the pantothenicless partner have been shown to influence heterocaryon 
formation so that it is quite reasonable to expect that perhaps a similar number is 
carried by the lysineless component. It would be also expected that such genes may 
have a complementary action. Although the exact nature of the genetic control 
exerted by the lysine strain is not known experiments have been carried out which 
demonstrate that the genotype of the lysine strain does affect the subsequent hetero- 
caryotic growth. 
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TABLE 12 


Influence of different lysineless tester strains on the formation of heterocaryon types with various 
pantothenicless strains 





Heterocaryon types formed 


Pantothenic 


strain | 4545 A 
standard tester ee a eee 


Random spores from cross 4545A x 25a, mating type ‘A’ 


L102 L104 | L106 L109 L112 
741-7A I II II I IV Ill 
726-5A II II III II II II 
731-5A III II II Ill II II 


742-4A IV V VI IV VII V 


A number of random spores were selected from the progeny of the cross 4545A x 
25a (LINDEGREN wild type). They were combined with different pantothenicless 
strains of like mating type, the latter known to form heterocaryons of various types 
with the standard tester strains. The results are given in table 12. 

These results indicate that the genetic hypothesis advanced for the control of 
heterocaryosis between these two mutants is true only when the tester strains used 
in the experiments are involved. Had other tester strains been used it is clear that 
the hypothesis would have to be modified or extended. It is of interest to note the 
comparatively large number of delayed starting types of heterocaryons (II, IV and 
VI) obtained in the above results. This supports the previous suggestion that the 
inheritance of this character is complex. Another interesting result from the above 
experiment is that apparently strain L106 carries the same genic complement with 
respect to the genes under consideration as does 4545A, because both give the same 
results with the four strains tested. 

Apparently the two tester strains 4545a and 4545A are alike with respect to the 
principal] genes controlling heterocaryosis. In all the crosses tested the range of types 
obtained amongst the progeny were the same for either mating type and no results 
suggested that 4545A and 4545a were not isogenic for the genes under consideration. 


DISCUSSION 


From the evidence presented above it may be concluded that certain genes control 
the formation of heterocaryons between biochemical mutants of Neurospora crassa. 

Little can be said regarding the mode of action of genes affecting heterocaryosis. 
Although this aspect of the problem has not been investigated, certain suggestions 
can be made. The first situation to be considered is that of the formation of hetero- 
caryons between some strains and not between others. Since the first stage in the 
formation of a heterocaryon is presumably the fusion of two germinating spores it 
should be possible to determine by appropriate micro-techniques whether failure to 
form a heterocaryon is due to an initial failure to fuse. In the formation of some 
heterocaryons it is apparent that fusion can and does take place quite soon after 
inoculation. With some type I heterocaryons growth is visible within a matter of 
hours after inoculation and the initiation of growth is just as rapid as with wild type 
strains. 
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Experiments were done in which two strains known not to form a heterocaryon 
were grown alone on agar plates supplemented with sub-optimal requirements of the 
specific growth requirements. Squares were then cut from the agar containing grow- 
ing hyphae of each strain and placed in apposition at one end of a growth tube con- 
taining minimal medium. Thus the strains had every opportunity to fuse but in no 
case where this was tried did heterocaryotic growth result. Similar experiments in 
which the specific substrate was incorporated with the inoculum of spores failed to 
have any effect in initiating heterocaryotic growth. 

In those heterocaryons which show delayed growth it is not known whether this is 
due to a delay in fusing or a delay following fusion. Inocula of such combinations 
examined under the microscope seem to show no more germination than that ob- 
served with either strain inoculated by itself so the former situation may be the case. 

There is no reason to believe that the four (or possibly five) genes shown above to 
be concerned in the formation of the lysineless-pantothenicless heterocaryon repre- 
sents the total number of genes capable of exerting such an effect. Furthermore it is 
not known whether these genes are specific in their action for the particular mutants 
concerned or whether they can affect other heterocaryotic systems. GARNJOBST 
(1953) has shown that the genes hef-1 and het-2 can influence the heterocaryon form- 
ing ability of a number of biochemical mutants. Unfortunately it is not possible at 
present to relate these two genes to any of those described above for the pantothenic- 
less-lysineless system. 


SUMMARY 


Heterocaryon formation between certain biochemical mutants of Neurospora 
crassa is controlled by a number of genes apart from the biochemical mutant genes 
concerned. Four genes, and possibly a fifth, have been shown to be concerned in the 
process of heterocaryon formation between a mutant requiring pantothenic acid and 
one requiring lysine. These genes may not only prevent the formation of a hetero- 
caryon but may also modify the type of heterocaryotic growth. The growth charac- 
teristics so affected are the time at which heterocaryotic growth commences, the 
ability to maintain heterocaryotic growth, and the vigor of the growth. 
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HE SURVIVAL value of a genetic factor is conditioned by its phenotypic 

manifestation in all environments encountered by the species, as well as by its 
performance in combination with the rest of the genotype of the species. The heredi- 
tary norm of reaction can be analyzed by observing a given factor under various 
environmental conditions and in different genotypes. DoBzHANSky and SPASSKY 
(1944) studied the expression of characters associated with the second and fourth 
chromosomes of Drosophila pseudoobscura by changing the environment as well as 
the residual genotype. They found one chromosomal type which had an almost normal 
viability at 1614°C, was semilethal at 21°C and lethal at 251°C. Various degrees of 
viability of this chromosome were obtained at 21° by altering the genetic back- 
ground. Another factor on the fourth chromosome exhibited temperature-conditioned 
visible characters which could be paralleled by changes in genetic residues. Viability 
influences of five systems of geographic modifiers were tested for a number of homo- 
zygotes for second and third chromosomes derived from natural populations. Some 
modifiers caused larger viability changes than others, but the influence of a particular 
geographic modifying system was not beneficial to al] homozygotes nor deleterious 
to all. 

A temperature-sensitive lethal factor (2WB), the viability effect of which can also 
be modified by alterations in the genotype, has been discovered in Drosophila willi- 
stoni. The recessive factor 2WB on the second chromosome was extracted from the 
Goyaz (Brazil) population of D. willistoni. At 25°C this factor is a lethal. The 2WB 
homozygotes are viable below 25°C and can be distinguished by their wing and eye 
abnormalities. The wings of the newly emerged flies are blistered and vesiculated, 
but in older flies they appear shrunken and slightly darker in color than normal 
wings. The wings are held in the unfolded position (divergent). The description of 
balloon wings in D. melanogaster fits this lethal more closely than any other described 
mutant (BripGEs and BREHME 1944). Irregular curvature of the eyes also occurs in 
the 2WB homozygotes. A pure culture of the abnormal flies has been maintained at 
18°C. 

The balanced lethal stock of 2WB was outcrossed to a wild strain, “Standard”; 
the 2WB/+ flies obtained in the F; were mated and their offspring raised at 25°C. 
Among the progeny of the F; there were flies with shrunken wings which had sur- 
vived the lethal temperature. Repetition of this experiment revealed discrepancies 
in the percent survival of the shrunken flies in the F2. These preliminary observations 
raised several questions. One problem concerns the nature of the factors which are 
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responsible for the modification of the 2W B norm. Are these results due to the pres- 
ence of genetic modifiers affecting the viability of the 2WB/2WB zygotes or is the 
appearance of the shrunken flies at the higher temperatures a result of crossing over 
between a lethal factor and a factor for shrunken wings? Furthermore, what is the 
geographic distribution of these viability factors in Brazilian populations of D. 
willistoni with respect to the population which gave rise to 2W B? Since the genetic 
variability and biology of numerous Brazilian populations of D. willisioni have been 
so extensively examined (BurLA ef al. 1949; SpAssky and DoBzHANSsKy 1950; PAVAN 
et al. 1951) it was considered desirable to study the geographic distribution of the 
modifiers of the 2B factor. Such analyses may provide information about the 
evolutionary significance of the concealed genetic variability found in natural popu- 
lations. 
METHODS 


In order to determine whether the shrunken flies are the result of crossing over 
between the lethal factor and a shrunken factor, or whether the change in the vi- 
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Ficure 1. Scheme of replicate crosses to measure the amount of heterogeneity in the Belem wild 
strain and the effect of inbreeding. 
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ability of the shrunken flies is due to the presence of genetic modifiers in the wild 
strain, the principle of inbreeding was employed. It was argued that inbreeding a 
wild strain of flies for a number of generations and testing by replicate crosses for its 
reaction with the 2WB norm after each inbred generation would distinguish between 
the two alternatives. If inbreeding increases the genetic homogeneity within the 
wild strain, then the variability of replicate crosses of the wild strain to the 2WB 
stock should decrease with each subsequent generation of inbreeding. Such results 
would indicate that genetic modifiers of the wild strain must be responsible for the 
viability changes of 21 B. Recombination, however, should show no regular trend of 
increasing homogeneity. 

The factor 2W B had been maintained in the laboratory ina balanced lethal system 
for three years before the present experiment was begun. To further insure the 
homogeneity in the 2WB stock, it was inbred for eight generations by single pair 
matings. Then the crosses outlined in figure 1 were made. A single male (Fo, C1) 
from the Belem wild strain was crossed to a group of 2W B/Balancer females. The 
F, 2W B/+ flies were mated and placed in egg collection chambers. From this cross 
600 F; larvae were collected and raised in creamers (20 larvae per creamer) on cream 
of wheat-molasses medium (Spassky 1943). The method of egg and larva] collection 
was that previously described by Rizk1 (1952) for D. willistoni. Five replicates of 
this series of crosses were made (C;-Cs), and 600 larvae were obtained from each. 
The larvae were raised at a constant temperature of 26 + 0.25°C. Every precaution 
was taken to equalize the environmental conditions throughout the experiment from 
creamer to creamer. Mortalities were also taken into account by running normal 
controls under the same conditions. The pupae in each creamer were counted and 
the adults were classified according to sex and wing type (normal and shrunken). 
This scheme was repeated for the subsequent inbred generations of the Belem wild 
strain; each successive generation of Belem wild strain used was the result of a single 
pair mating of the preceding generation. 

The x? test for heterogeneity was applied to the data. At the outset of the experi- 
ment it was decided to discontinue inbreeding the Belem wild strain when the x? 
value between replicates for a given generation changed from significant to non- 
significant and remained so for the next generation; otherwise the inbreeding should 
be continued for at least six generations to note any trend. 

In addition to the Belem wild strain several males of each of the following wild 
strains were crossed to 2W B/Balancer females and the percent shrunken flies in the 
F, from each cross was determined: Iguassu, Palma, Imperatriz, Marajo, Rio Negro, 
Bolivia and I¢ana. 

RESULTS 


The data from the inbreeding experiments of the Belem wild strain are presented 
in table 1. The x? test reveals considerable heterogeneity among the Belem males 
(C,-Cs) of the Fo and F; inbred strain with regard to modification of 2WB. But 
the nonsignificant x” value obtained by testing the five males of the F2 inbred genera- 
tion indicates homogeneity which is retained in the F; generation. The trend toward 
homogeneity in the modification of 2W B by inbreeding the wild strain is also apparent 
in the variance of the ratio of normal to shrunken wing per generation (table 2). 
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TABLE 1 
Measurement of heterogeneity of the Belem strain 
Normal Shrunken 
Total x*12d.f P 
Piles 29 eles 29 
Fo cs 160 156 83 33 432 
| 155 151 77 48 431 
C3 135 156 77 43 411 
C4 141 142 79 79 441 
C5 181 173 61 37 452 
Total 772 778 377 240 2167 
40.30 <0.0001 
F; | 3 106 168 42 51 367 
eZ 197 184 64 37 482 
C3 192 142 51 52 437 
C4 209 177 27 34 447 
| 187 175 59 64 485 
| Total 891 846 243 238 2218 
56.66 <0.0001 
F; C1 192 194 63 74 523 
C2 173 177 75 76 501 
cs | 172 162 51 50 435 
C4 | 153 173 67 63 456 
ce i 148 175 87 75 485 
Total 838 881 343 338 2400 
18.37 ~0.12 
F; Cl 217 178 31 33 459 
C2 184 155 36 34 409 
lf es 202 164 29 25 420 
C4 167 181 19 25 392 
cs 167 160 29 31 387 
Total 937 838 144 148 2067 
13.30 ~0.35 
Repeat F, Ci. | 195 180 24 32 431 
C2 189 156 50 27 422 } 
ce: | 192 189 15 16 412 
C4 199 185 15 16 415 
es ij 199 173 19 12 403 
Total | 974 883 123 103 2083 
| 





50.10 


| <0.0001 
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TABLE 2 


The Trend of Increasing Homogeneity of 2WB Modification by Inbreeding the Belem Strain as Shown 
By the Variance, S? 








Xe | st | N 

Fo 0.715 0.002531 5 

F; 0.783 0.003759 5 
Repeat F; 0.890 0.002175 5 
F, 0.716 0.001475 5 

5 


F; 0.859 0.000305 


This homogeneity in the modification of 2WB obtained by inbreeding implies the 
presence of genetic modifiers of 2WB in the Belem strain. 

The crosses (C,-Cs) of the F, generation were repeated by raising a new line from 
the Fo (mass culture) by single pair mating. The x? value shows heterogeneity among 
the five males as in the sample of the original F,. The presence of heterogeneity in 
the original Belem strain is confirmed. (The difference in ratios of normal to shrunken 
flies in the origina) F, and the repeat F; is not clear on the basis of the present ex- 
periment. It may be due to the heterogeneity and the initial number of modifiers in 
the Fo. Also compare the ratio of normal and mutant individuals in the repeat F; 
with F3.) 

Additional evidence that the shunken flies are carrying the “lethal”? 2WB factor 
has been obtained from data on zygotic mortalities. Mortality of the Belem wild 
strain was determined under the same experimental conditions as the mortality oc- 
curring in the cross 2WB x Fo Belem. The total mortality of the Belem wild strain 
was 18% as compared with an average mortality of 25% from the cross of the Belem 
strain to 2WB. This difference of 7% does not account for the presence of a recessive 
lethal factor which has an expected mortality of 25%. 

Furthermore an average of 0.29 of the progeny from the cross 2W B x Fo generation 
of the Belem wild strain had shrunken wings. Theoretically such a high proportion 
of flies with shrunken wings would not be expected as a result of crossing over. 
If the two factors are completely separable and independent from one another then the 
expected ratio of normal to shrunken flies is 5:1. Any linkage between the factors 
would decrease the proportion of shrunken flies. 


TABLE 3 


Percentage of shrunken flies obtained by crossing 2WB to various wild strains of D. willistoni 








| Fraction shrunken 











Wild strain | No. larvae No. adults _ 
| p ¢ 
Iguassu | 580 | 400 0.14 + 0.017 
Palma | 580 352 0.09 + 0.015 
Imperatriz 580 292 0.08 + 0.016 
Marajo 580 | 411 | 0.08 + 0.013 
Rio Negro 600 412 0.05 + 0.011 
Bolivia 600 416 0.07 + 0.013 
+ 


Icana 600 | 381 0.06 
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In addition to the Belem wild strain seven other wild strains of D. willistoni 
were crossed to the 2) B stock and the offspring raised at the lethal temperature. 
Shrunken flies were obtained in the F2 generation from all of these crosses ranging 
in proportion from 0.05 to 0.14. The data are summarized in table 3. The cross with 
the Iguassu wild strain gave 0.14 shrunken flies; this value is significantly different 
from that of the Belem wild strain which gave the highest proportion of shrunken 
flies, 0.29. The ¢ value for the comparison of Palma and Rio Negro indicates sig- 
nificance. Since the results from the Rio Negro population are not significantly 
different from those of Marajo and Imperatriz which in turn are not different from 
Palma, then it may be concluded that the difference between Palma and Rio Negro 
is not highly significant. 


DISCUSSION 


Environmental conditions can alter the viability of the 2WB factor. At 25°C this 
factor is a lethal, but at lower temperatures viable phenotypes result from the same 
genotype. Changes in the residual genotype also can produce viability changes of the 
2W B factor, and depending upon the modifying system, the lethal factor 2W B may 
become a semilethal or viable. Most of the wild strains tested showed modification 
to the level of semilethality. It should be stressed that in these experiments on genetic 
modification every precaution was taken to reduce environmental fluctuations be- 
tween crosses to a minimum. The inbreeding experiments were designed to determine 
whether the modification of 2WB by a wild strain is the result of recombination of 
genetic factors or whether genetic modifiers of 2W B exist in the wild strain. The ob- 
served results are best explained by the occurrence of genetic modifiers. 

The time of death of the lethal homozygotes of 21 B is very close to the stage of 
emergence of the imagines from the puparium. There is an upset in the hatching 
movement and time of emergence. The wings of the lethals begin expanding while the 
fly is still in the puparium and become filled with haemolymph. This haemolymph 
in the wings forms blisters which often rupture while the fly is enclosed in the pupal 
case. The excessive loss of haemolymph and desiccation, or the entanglement of the 
imago in the puparium, or both factors may be considered the final cause of the 
lethality. It is conceivable that a slight change in the timing or rate of action of the 
factors involved in emergence induced either by alterations in the environment or 
residual genotype can shift the individual zygote into the lethal] or the viable class. 

Of the eight wild strains of D. willistoni which were crossed to the 2WB stock, 
Belem and Iguassu gave higher proportions of shrunken flies than all of the others. 
The highest proportion of shrunken wings, 0.29, resulted from the cross to the Belem 
strain, 0.14 were found in the Iguassu cross, and values ranging from 0.05-0.09 oc- 
curred in the other strains. 

The 2WB factor originatea in the D. willistoni population of Goyaz (Brazil). No 
correlation was found between the distance of the wild strains from the point of 
origin of the lethal factor and the amount of modification of 2W B. The distribution 
of the genetic modifiers is geographically random. There is also no correlation be- 
tween the mean number of inversion heterozygotes per fly in different populations 
and the degree of modification of the 21) B norm (DoBzHANsky ef al. 1950; CUNHA 
et al. 1950). However, there does seem to be a possible correlation between the fre- 
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quencies of lethals and semilethals in different populations of willistoni and the degree 
of modification of viability of 2WB in the present experiment. PAVAN ef al. (1951) 
in an extensive study of concealed genetic variability in Brazilian populations of 
D. willistoni found that, “it seems that the populations of central] and northern 
Brazil, except that of Para carry more lethals and semilethal]s than those in the south” 
(Para = Belem). Of the southern populations studied by Pavan, Iguassu had a low 
frequency of lethals and semilethals and gave high modification of 2W B. Belem is in 
northern Brazil, but is the exceptional case in Pavan’s study by having lower fre- 
quencies of lethals and semilethals; in the present experiment Belem gave high modi- 
fication of 2W B. 
SUMMARY 


1. The recessive factor 2W B is a lethal at 25°C whereas at lower temperatures the 
2W B homozygotes are viable and are recognizable by their shrunken wings. Shrunken 
flies are also obtained among the progeny of crosses of the 2WB stock to various 
wild strains of D. willistoni raised at 25°C. 

2. It has been demonstrated that the survival of the “lethal” homozygotes of 
2WB in combination with the Belem wild genotype is due to the action of viability 
modifiers present in the Belem strain. 

3. Eight wild strains of D. willistoni were crossed to the 2WB stock and the per- 
cent of shrunken flies in the F; determined. The wild strains from Belem and Iguassu 
gave significantly higher modification of the 2W B norm than the other tested strains, 
producing respectively 29% and 14% shrunken flies. Values ranging from 5%—9% 
shrunken flies resulted from the crosses of the other wild strains to 2W B. 
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ELF- and cross-incompatibilities in Trifolium repens (white clover) are controlled 
by oppositional S alleles. The reaction of pollen is determined gametophytically, 
ie., by the allele or alleles present in the pollen grain. Incompatibilities controlled 
by oppositional alleles of this type are dependent in autotetraploids, as they are in 
undoubled plants, on inhibitions of pollen germination and pollen-tube growth. 
Pollen of undoubled plants functions or fails depending on whether the S allele in 
the pollen is absent or present, respectively, in the style on which such pollen alights. 
In autotetraploids the diploid pollen may be either homogenic (e.g., S:S;) or hetero- 
genic (e.g., 5:52) for S alleles. Homogenic pollen functions or fails in a manner simi- 
lar to that of the corresponding haploid pollen. The reaction of heterogenic pollen 
is dependent on the interactions of the two different S alleles in the pollen. Two 
interactions designated competition and dominance have been reported in studies 
of autotetraploids of Oenothera organensis (LEw1s 1947) and Trifolium repens (At- 
woop and BREWBAKER 1953). Competition pollen classes functioned in styles of all 
genotypes in self- and cross-pollinations of 4N T. repens and 4N T. hybridum (BREw- 
BAKER 1954). Dominance pollen classes failed to effect fertilization when the domi- 
nant allele in the pollen was also present in the recipient style. 

The following investigation was set up to study the dominance relationships in 
heterogenic pollen grains of four S alleles comprising two from each of two colchicine- 
doubled clones of white clover. The complication of competition interaction and 
self-compatibility (BREWBAKER 1954) was obviated by selecting two self-incom- 
patible (SI) parents of which all progeny were self-incompatible. Genotypic analyses 
of the F; and four F; backcross progenies selected for the elucidation of dominance 
patterns revealed the occurrence of double reduction resulting from crossing-over 
between the S locus and centromere in white clover. 


MATERIALS AND METHODS 


The origin of autotetraploid parental clones G4 and B1 of Ladino white clover 
has been described previously (BREWBAKER 1954). Cultural methods and pollina- 
tion techniques were the same as those reported. All flowering heads were trimmed 
to rings of ten florets which were suction-emasculated prior to pollination, and 
extreme caution was exercised to exclude contamination. Two rings of ten florets 
were self-pollinated on each of the two 4N parents and the 178 F, and backcross 
plants. All plants were classed as self-incompatible, and a general plant average of 
0.3 selfed seed per ten florets was obtained. Selfed seed sets will not be given in the 
presentation of the analyses in this paper. 








138 JAMES L. BREWBAKER 


TABLE 1 


chromosome and chromatid assortment ratios 


Male gametes 
Female gametes 


1 (3)* S7Sr —_ 4 (8) SzSs 1 (3) SsSa 
1 (3) S3S; 1 (9) S;S;S7S; I, 4 (24) S;S;87Ss I]; 1 (9) S3SsSgSs II 
4 (8) S;S¢ 4 (24) S;SeS7S; Tk 16 (64) S;S6S7S, IV 4 (24) SsSeSsSs IIT; 


1 (3) S6S¢ 1 (9) SeSeS7S7 Uk 4 (24) SeSoS7Ss III 1 (9) SeSeSgSg Ile 


* Figures in parentheses are calculated on the basis of random chromatid assortment ratios. 


F, FAMILY 


Colchicine-doubled parents G4 and B1 were crossed reciprocally, and 39 F, plants 
were studied. The theoretical expectation of this cross, assuming that the parents 
differ in both S factors, is the segregation in F, of nine S genotypes (table 1). Among 
the nine genotypes expected are four diallelics (II), four triallelics (III), and one 
tetra-allelic (IV). In order to distinguish the genotypes most readily, backcrosses of 
the F, plants as females to their parents were made first and were followed by F; 
intercrosses where necessary. These seed sets have been compiled in table 2, in 
which the F, plants are grouped into their respective genotypes as determined in 
the following series of steps: 

(1) All F,; plants were backcrossed as females to parental clones G4 and B1 as 
males. Three F; plants were cross-compatible with both parents, 15 were com- 
patible with one of the parents and incompatible with the other, and 21 were in- 
compatible with both parents (table 2). The compatibility relationships indicated 
that these groups were the diallelic (II), triallelic (III), and tetra-allelic (IV) com- 


TABLE 2 
Averuge seeds obtained from backcrosses of 39 F, plants to their SI 4N parents G4 and B1 (S;S;S¢S¢ and 
S7S7S3Ss), and from selected intercrosses of F; plants 


(In this and all subsequent tables, all seed set averages shown in bold face type are 
considered incompatible) 





Average seeds per 10 florets from crosses with plants of following 


























IV-S5S6S7Ss 


Group and genotype Sumter genotypic groups as males 
as female | of plants | - ————— a — 

| Gt | Bi Th I: | Uh | Wh | Ws | Wn | Iv 

= aor } | = ae 
G4-SsSsSeSo | 1 — | 13.0] 20.0! s.0| 8.7| 12.4| 13.0 | 19.0 | 18.0 

| | | 

B1-S;S75sSs 1 6.9} — | 15.0} 14.0| — | 60] 9.0} 66) — 
} - imitans 

Tlh-SsSoS2Sr 1 | 3.0] 9.0] — | 7.5] 0.7| 2.0 | 8.0} — | 4.5 
Tlz-SeSeSeSs 2 | 9.3/ 17.0] 18.5] 0.0| 14.8] 7.5] 3.0| 8.5| 7.5 
I1L,-S5Ss57Ss 4 6.5| 0.4] 0.0} 3.0) 0.0) 7.7] 3.0] 7.5| 2.5 
I1]2-SeSeS7Ss 3 | 10.2| 0.0] 11.0] 0.0| 10.2) 0.0) 1.5) 3.6) 4.2 
IILy-SsSeSsSs 4 | 0.1| 7.2] 6.0] 0.6| 4.7| 7.3) 08| 6.2| 4.0 
T1L-SsSeS7S7 4 0.4} 8.8] 0.0) 24.0) 1.0| 5.8 | 13.0] 0.0 | 10.6 
21 | 0.8| 0.2] 0.0| 22) 0.2| 0.0) 00| 0.0| 0.0 


| 
| 
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binations, respectively, which were expected in a ratio of 1:4:4 on the basis of 
chromosome assortment ratios from colchicine-doubled parents having no S alleles 
in common (table 1). 

(2) Intercrosses of the three diallelic F; plants (table 2) revealed two intra-sterile, 
inter-fertile groups, II, and II:, with one and two plants, respectively. 

(3) Seven of the triallelic F; plants were cross-compatible as females to G4 and 
cross-incompatible to B1. Intercrosses among these plants revealed two intra-sterile, 
inter-fertile groups, III; and III2, with four and three plants, respectively. 

(4) Eight of the triallelic F, plants were cross-incompatible as females to G4 and 
cross-compatible to B1. Intercrosses among these plants revealed two intra-sterile, 
inter-fertile groups, IIIs and III,, each with four plants. 

(5) One representative clone was selected from each of the seven F; groups. From 
two to four crosses were made for each of the possible combinations of the seven 
F, plants and their two parents. These data are summarized with those obtained 
from the four preceding steps in table 2. 

The colchicine-doubled diallelic parents G4 and B1, thus shown to differ in both 
S alleles, were designated S5S5SeS and S7S;S3Ss, respectively. The single plant of 
genotypic group II, was arbitrarily designated S;S55;S;. The results summarized in 
table 2 were used to assign symbolic designations to the remaining F; groups. These 
were, respectively; IT, (S¢S¢SsSs), Ill, (SsSsS7Sg), [le (SeSeSzSs), ITs (Ss56535s), 
III, (Ss5S¢S7S7), and IV (S;S.57S3). Of the nine genotypes which were expected 
(table 1) the two diallelic genotypes S5S5S3S3 and S,S.5;S7 were not obtained. 

The seed set averages of crosses made for each of the 42 intercross combinations 
of the seven F,; genotypes (table 2) were studied in an attempt to establish a tenta- 
tive dominance series of the four S alleles. Gametic outlays were calculated on the 
basis of chromosome assortment ratios, i.e., assuming complete linkage of S locus 
and centromere. Certain of the 42 combinations, e.g., SsSsS7S7 x SsS¢57S3 were 
expected to be compatible due to the functioning of uninhibited gametes (S,S3 for 
the example given), while others, e.g., SsS¢S7S3 x SsSs5757, were expected to set no 
seed due to the inhibition of all male gamete classes. Sixteen of the 42 combinations 
were of particular interest since they involved male parents which had a single allele 
not present in the female parent, e.g., SS¢S7S3 x SsSeS7Ss. For each of these crosses, 
compatibility would indicate that one or more of the heterogenic male gametes 
bearing an allele also present in the female parent had effected fertilization as a 
result of S allele dominance in the pollen. At least two and as many as six of the 
16 combinations involving single-allele differences were expected to be incompatible 
because of dominance on the assumption of chromosome assortment gametic out- 
lays. However, all of the 16 combinations were partially or fully compatible, pro- 
ducing more seed than incompatible crosses or selfs (av. 0.3 seed). No dominance 
series could be devised to justify the apparent compatibility of all of these combi- 
nations. 

It became evident upon examination of the theory that a weak link in the chain 
of reasoning (viz., ATwoop and BREWBAKER 1953) was the assumption of complete 
linkage of S lotus and centromere. Accordingly, the assumption was made that the 
S locus in white clover is located at some distance from the centromere, permitting 
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the occurrence of crossing-over and, upon the quadrivalent association of S locus 
chromosomes, of double reduction. Double reduction homogenic gametes were 
postulated to have effected fertilization in those crosses involving single-allele differ- 
ences which were expected to be incompatible because of dominance on a chromosome 
basis. As an example, a tetra-allelic plant (.S;SS7Ss) could produce pollen grains of 
the genotypes S555, S¢S¢, S757, and SsSs by double reduction, whereas such homogenic 
gametes would not be produced if S locus and centromere were completely linked. 
All crosses involving single-allele differences, e.g., SsSeS7Ss x SsSe57Ss, would thus 
be expected to set a few seed upon fertilization by uninhibited homogenic gametes 
occurring as the result of double reduction (e.g., S¢Se57Ss fertilized by S;S; double 
reduction gametes from S55¢575Ss). 

In order to elucidate the dominance relationships and the postulated role of 
double reduction gametes, the following backcross progenies were studied. 


BACKCROSS PROGENIES 


A total of 139 plants were genotypically classified for S alleles in the four back- 
cross (BC) progenies: 


BC 1—S5S5SeS6 x SsS557S3 (G4 x Ih) 
BC 2—S5SsSoS6 x SoSoS7Ss (G4 x IIT) 
BC 3—S7S7S35Sg x SsS¢SgSg (B1 x IITs) 
BC 4— $7S7S2S8 x S55 65757 (Bi xX IT) 


Insofar as possible, each of the plants in the four backcross progenies was selfed and 
testcrossed as female to parental clones G4 and B1 and to clones representing each 
of the seven F; genotypes. The seed sets of these crosses of BC plants have been 
compiled in table 3 with those from the’F; inter- and back-crosses. 

All BC plants were self-incompatible (av. 0.3 seed per 10 florets) and cross-in- 
compatible within their respective genotypic groups (av. 0.3 seed). Each of the BC 
plants could be readily classified into its respective genotypic group on the basis of 
its compatibility as female to the four diallelics—G4 (SsSsS65¢), Ul, (Ss55S75S7), 
II; (SeSeSsSs), and B1 (S7S7S,Ss). As in the F; progeny, diallelic BC plants were 
cross-compatible as females with three or all of the four diallelics as males, triallelics 
were cross-compatible with two of the four testers, and tetra-allelics were cross- 
compatible with none. All of the 11 genotypic groups (six diallelics, four triallelics, 
and one tetra-allelic) involving the four alleles were obtained. Each of the diallelic 
and triallelic genotypic groups comprised three genotypes, e.g. SsSs5eS7, SsSeSeSz, 
and S55557S7 of group III,, which could not be distinguished on the basis of the 
crosses made. 

Before proceeding to interpret the individual backcross progeny segregations, it 
was necessary to establish the dominance relationships of the four S alleles. This 
was done by considering, in particular, the compatibility relationships of crosses 
involving single-allele differences among the summarized seed sets of the 1561 crosses 
made in the F; and four backcross progenies (table 3). In view of the postulated 
role of double reduction gametes, only those between-group crosses averaging fewer 
than 1.0 seed were considered to be incompatible (shown in bold face type in table 
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TABLE 3 
Number of crosses and average seeds obtained when 39 F, plants of G4 x BI and 139 BC plants were 
testcrossed 
3 (Number of crosses) Average seeds per 10 florets from crosses with clones of 
Group Be gases 3s following genotypic groups as males* 
genotype ES cae = Mt At Se a er 
Zz G4 Bi Il Iz Ih III2 IIIs Ill. IV 
G4 S5S5S6S6 1 — (4) (1) (1) (7) (7) (1) (1) (2) 
13.0 20.0 5.0 8.7 12.4 13.0 19.0 18.0 
Bi | S7S75s53_ | 2) (6) (1) (2) (3) | (2) (2) | (17) | (13) (2) 
7.8 0.0 12.0 9.0 2.0 5.0 9.0 6.0 2.0 
Il, | S;S3S7S7 2} (3) (3) (2) (5) (4) (3) (5) (3) (4) 
337 9.0 0.0 9.0 0.5 4.3 7.6 4.0 9.8 
II, S6S6SsSs 3. & (5) (S) (8) (9) (6) (7) (7) (5) 
12:2 11.8 17.0 0.0 13.0 9.0 3.9 8.7 6.4 
Il; S53 S555 3} @) (5) (5) (6) (6) (5) (3) (6) (6) 
9.2 7.8 8.4 ia a 10.6 11.3 11.2 1a 
Il, | S6S6SS; 3} (3) (3) (3) (5) (3) (3) (2) (2) (2) 
5.0 8.0 10.0 4.6 7.0 10.3 3.0 12.0 3.2 
II], SsSsS7Ss_ | 14, (16) (14) (10) (16) (17) (16) (10) (12) (15) 
4.7 0.2 0.3 4.2 0.1 1.2 y ae 9 1.8 
ITI, SeS6S7Ss | 10) (15) (13) (11) (18) (16) (10) (9) (20) | (14) 
8.2 0.2 5.5 0.6 7.8 0.9 3.0 2.6 4.4 
ITI; SsS6SsSs | 17) (24) (22) (19) (23) (19) (17) (10) (27) | (16) 


0.1 7:3 8.6 0.3 2.4 5.7 0.3 $7 ia 
III, | SsSeSzS; | 22) (28) | (25) | (20) | (31) | (22) | (23) | (49) | (31) 

| 0.6 | 7.3 0.2 | 10.9 0.9 3.6 7.0 0.2 | 7.0 

IV S;SeS7S3_ | 66) (92) (93) (70) (92) (70) (69) (48) (78) (65) 

0.3 0.3 0.3 0.7 0.3 0.2 0.2 0.2 0.5 


* Figures in parentheses = number of crosses. 


3). The following steps were taken in the definition of the six dominance relationships 
of the four S alleles. 

(1) Only two of the crosses involving single-allele differences were classed as in- 
compatible. These were II, x ITI; (SsSsS7S7 x SsSsS7Sz) and IL, x IT; (SsSeS7S7 x 
SsS5S7Ss), which averaged 0.5 and 0.9 seed per cross, respectively (table 3). In each 
of these combinations the .S;S; and S;S; gametes were expected to be inhibited, while 
heterogenic gamete classes S;S3 and S;S; could theoretically have effected fertiliza- 
tion only if Ss were dominant to alleles S; and S;. The incompatibility of these two 
combinations (26 crosses) suggested that Ss was recessive to both S; and Sy, i.e., 
that S; and S; were dominant to Ss. 

(2) The seed obtained in three compatible crosses which involved single allele 
differences—III, x III; (SsSe5757 x S¢SeSzSs), T1Iy x IV (SsS¢S7S7 x SsSeS7Sz), and 
II, x [Ip (S¢S¢57S7 x S¢S¢S7Ss3)—could not have resulted from the functioning of 
S7Ss or of SsSg pollen, since Ss was adjudged in step (1) above to be recessive in 
each of these combinations. With the exception of S,Ss gametes, all other gamete 
classes were expected to be inhibited in these crosses. Therefore, it was deduced 
that the fertility of these three combinations (50 crosses, av. 5.6 seed) resulted from 
the functioning of S,Ss pollen, with Ss dominant to Ss. 
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(3) The seed from two compatible crosses—III, x IIT; (S555S7Sg x SsSe5SsSs) and 
II; x IIIs (SsSsSsSs x SsSeSsSs)—could not have resulted from the functioning of 
S,Ss pollen according to step (2) above. The SsSs and S;Ss pollen classes were ex- 
pected to be incompatible. Consequently the fertility of these crosses was con- 
sidered to have resulted from the functioning of S;S, pollen, with S, dominant 
to Ss. 

(4) The seed from two compatible crosses—IIIp x ITT, (S¢S6S7S3 x SsS¢S7S7) and 
II, x ITT, (S¢S¢S7S7 x SsS¢S7S7)—could not have resulted from the functioning of 
SsS« pollen according to step (3) above. The S.S; and S;S; pollen classes were ex- 
pected to be incompatible. Consequently the fertility of these crosses was attributed 
to the functioning of S;S7 pollen, with S; dominant to Sy. 

(5) The dominance relationship of alleles S, and S; was based on the interpreta- 
tion of six of the compatible group intercrosses which involved single-allele differ- 
ences. For the three combinations (.S556SsSg x S¢SeS7Ss, SsS¢Sg5g xX S5S6575S3, and 
S¢S e553 Xx SeSeS7Ss) in which S7Ss functioned because of dominance of S; over 
Ss, and in which S,S; would be expected to function if S; were dominant to S¢, the 
39 crosses averaged 4.6 seed per cross. In contrast, crosses in which S;Ss gametes 
functioned alone because of dominance (cf. table 13) averaged only 2.6 seed per 
cross. For the three combinations (55555783 x SsS¢S7S7, SsSsS7S3 x SsS6S75S3, and 
S5S557S7 xX S5S6S7S7) in which 5S;S, functioned because of dominance of S, over 
Ss, and in which S,S; would be expected to function if Ss were dominant to S;, the 
27 crosses averaged only 2.4 seed per cross. In comparison those crosses in which 
SsS. gametes functioned alone because of dominance (table 13) averaged 3.1 seed 
per cross. It is suggested that S,S7 pollen functioned in the first three combinations 
in style bearing the S, allele, and failed in the latter three in styles bearing the 5S; 
allele, with S; exhibiting dominance over Ss. 

The following non-linear pattern represents the dominance inter-relationships of 
the four alleles as defined: 


Ss —— Ss 
ee 
el 
S; — 8s 
No linear arrangement of the four alleles could be devised to explain the results 
satisfactorily. Linearity was evidenced in both of the previous studies of dominance 
relationships of S alleles in tetraploids (Lewis 1947, Atwood and Brewbaker 1953). 
The interpretation of individual backcross segregations necessarily followed the 
establishment of the dominance relationships of the four S alleles. The consideration 
of observed BC segregations which follows was made on the basis of HALDANE’s 
limiting chromatid assortment gametic ratios. 


BC 1, G4 x ITT, (SsSsSeSe % SsS5S7Ss) 


The 34 plants of BC 1 segregated into six genotypic groups, in the ratio of 1 
IT3:5 I1I,:2 ITI,:5 II;:2 I1y:19 IV (table 4). Applying HALDANE’s formulae, the 
gametic segregation of male parent ITI, (.S555S7Ss) would have been 6 S355:8 S55S7:8 
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TABLE 4 


Average seeds obtained when 34 plants of BC 1, G4 x IIT, (SsSsSeSe x S3SsS;Ss), were tesicrossed to 
clones of 9 related and 1 unrelated genotypes 








| | Average seeds per 10 florets from crosses with plants of following Average 
im- genotypic groups as male: | 

















Group and genotype ot— el | Se 

| Ge | Bt | mh | WU: | Uh | Wh | Wb | Wh | Iv | scour 
Il-535s5s5s | 1 | 2.0) 3.0/7.0] 4.5/0.0 0.0) 4.0/6.0/1.0/ 7.0 
TIT, -S55s57Ss 5 | 3.2/0.0|0.2| 4.6/0.2] 6.2 | 3.2 | 2.0 | 1.0 | 3 
ITTe-S 656 57S i 2 8.0, 0.5 | 2.5] 0.5 3.0 2.0 2.0 | 0.0 | 1.5| 24.0 
ITT;-S5S65sSs 5 | 0.0/6.0; 8.3 | 0.0 | 1.8 5.0 | 1.0 | 4.7 | 1.2 | 15.0 
TITs-S5 56753 2 | 1.0| 6.0 | 1.0 | 11.0 | 0.6 | 10.5 | 3.0/1.7} 0.0} 30.0 
IV-S5S5657Ss 19 0.4 | 0.7 | 0.7 0.6 0.3 0.4 | 0.1 | 0.2 0.6 | 13.2 

TABLE 5 


Genotypes expected in BC 1, G4-x ITI, (SsSsSeSe x SsSsS7Sy) on the basis of random chromatid 
assortment ratios 


Male gametes 








Female | ___. et ae eos: iaiandiietterinnstibscnddemicoatenattaaiiell =— - 

gametes | 6 S4Ss | 8 SsSz | 8 SsSs | 4 S7Ss | 1 S7Sz 1 SsSs 
—_|_@*_} @P) | @D) i 

3 5:8; | — <a — 12 S5S557S8 ITI, 3 S5S5S7S7 Il, 3 S5S5S8Ss II; 

8 SS | — c= — 32 S:S6S7Ss IV 8 S;S6S7S; Tk 8 SsSeSsSg ILI 


3SSs | — | — — 12 SeSeS7S, ILI. 3 SeSeS7S7 Uy 


3 SeSeSsSs Tle 


*(+) means that pollen should function 
(0) means that pollen€hould not function 
(+) means that pollen functions because of dominance interaction 
(0?) means that pollen does not function because of dominance, i.e., it would function if 
dominance relations were reversed. 


S5Sg24 S7Sg:1 S7S721 SgS3 (table 5). The S;Ss; homogenic pollen grains were in- 
hibited (0), and the S;S; and S;Ss heterogenic were considered to be inhibited by 
dominance (0”), with S; exhibiting dominance over both alleles S; and Ss. The 26 
plants in groups III, III2, and IV could be attributed to the functioning of the un- 
inhibited (+) S;Ss pollen grains (table 5). The eight remaining plants (2 ID, 5 
III;, and 1 II;) are believed to have resulted from the functioning of S;S7 and SsSs 
double reduction pollen grains. 


BC Z, G4 x ITT» (SsSsSeSe x S6SS7Ss) 


The 15 plants of BC 2 segregated into five genotypic groups in the ratio of 2 IIy:1 
III,:6 ITI;:3 I1l,:3 IV (table 6). Applying HaLpANE’s formulae, the gametic segre- 
gation of male parent IIT (S¢5¢S7Ss) would have been 6 S¢56:8 S¢S7?8 SeSg:4 S7Ss:1 
S7S7:1 SsSs (table 7). The S,S. homogenic pollen grains were inhibited (0). The 
four plants in groups III, and IV could be attributed to the functioning of the un- 
inhibited (+) S;Ss pollen grains. The three plants of group III, could have resulted 
from fertilization by S,S; dominance or by S;S; double reduction gametes. Similarly, 
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TABLE 6 
Average seeds obtained when 15 plants of BC 2, G4 x IIIz (SsSsSeSe x S3S6S;Ss), were testcrossed to 
clones of 9 related genotypes 
Average seeds per 10 florets from crosses with plants of following 


Number genotypic groups as males 


Group and genotype(s) of plants >. = 











G4 Bi Ih ITs Ill III: IIIs III, IV 
IIo-S¢S6S65s, Or 2 4:60 1 7.5 | 27:5 0.6 | 9.0 | 14.0.) 9.0 | 7.0 | 3.5 
S6S6S85Ss 
ILE, -S5S5557Ss 1 6.0 — 1.0 2.5 | 0.0 | 20.0 — — | 0.0 
I II3-S555565s, or 
S5S6S65Ss, or 6 0.3 | 5.2 8.0 0.4 | 2.0 5a} — | 3.2) 08 
S5S65858 
IIT4-S;S5S¢6S7, or | 
S5SoS657, or a 0.0 | 6.0 0.0 11.3 | 0.0 6.0| — - — 
SsSeSeSp | 
TV-S;S 6575s 3 0.0 | 0.0 0.0 0.0 | 1.0 0.0 | 0.0 | 0.0 | 0.0 
| | 


TABLE 7 
Genotypes expected in BC 2, G4 x IITz (SsSsSeSe x SeSeSzSs) on the basis of random chromatid 
assortment ratios 


Male gametes 


Female staat — 


gametes ee 8 SeSz 8 SeSs 4 S7Ss y 1 S7Sz 1 SsSs 
SeSe D D . 
(0) (+”) (+*) (+) (+) (+) 
3 S3S5 — 24 S5S5S6S7 24 S5S5S6Ss 12 S5S3S7S3 3 S5S5S7S7 3 S5S5S3S8 
II, III; III, IT, IT; 
8 S3S¢ — | 64 S3S6SoS7 64 S;SeSeSs 32 SsSeS7S3 8 SsSeS1S; S$ SeSoSeSs 
III, III; IV III, IIT; 
3 S6S¢ — 24 SoS6SeS7 24 SoS6S6Ss 12 SeSeS7S 3 SeSeS7S7 | 3 S6S6SgSe 


Il, 


Il, 


ITI, 


Il, 


Il, 


the 2 II, and 6 III; plants could have resulted from fertilization by either the S¢Ss 
dominance gametes (+) or by uninhibited (+) S3S3 double reduction gametes. 


BC 3, BI x IIIs (S;S;SsSs x SsSeSeSv) 


The 51 plants of BC 3 segregated into eight genotypic groups in the ratio of 2 
II,:1 I,:4 I13:3 I11,:4 I1,:3 II;:9 1:25 IV (table 8). Applying HALDANE’s 
formulae, the gametic segregation of male parent IIT; (S55sS3Ss) would have been 
1 S5S521 SoS624 S5S6:8 S5S3:8 SoSg:6 SgS3 (table 9). The SsSs3 homogenic pollen 
grains were inhibited, and the S,Ss heterogenic pollen grains were inhibited by domi- 
nance of Ss over Ss. The 37 plants in groups III;, II,, and IV could be attributed 
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TABLE 8 
Average seeds obtained when 51 plants of BC 3, B1 x IIT3 (S7S;SsSg x SsS¢SsSs), were testcrossed 
to clones of nine related genotypes 





Average seeds per 10 florets from crosses with plants of following genotypic 

















Number} 
Group and genotype(s) “a a groups as males 
plants | Sep Sor a } eecss : 
G4 Bi Ih Ile Ill, | Ile | Ills | Is | IV 
=O Say aces ty 
Uh-SsSsSxSi | 2 | 4.0| 9.0|0.0| 10.0} 0.0/ 16.0| 6.0| 4.0| 15.0 
Ily-SoScSeSs 1 | 14.0| 10.0| 3.0| 0.0 | 14.0! 10.0| 3.0 | 13.0| 10.0 
| | 
Ils-SsSsSe5s, or = | 4 |: 11.0| 9.0/8.8} 8.8] 5.0] 13.2 15.0] 12.2] 8.6 
SsSsSeSe | | | 
IIL,-S3S357Ss, or | 
SsSiS1Ss,0r || 3 | 3.0] 0.0/0.8) 4.2) 0.0) 5.7/0.0!) 1.5] 2.5 
SsS1SSs | | | 
| 
| | | 
L1lo-SeSeSzSs | 4 | 8.2] 0.6/6.8] 0.6] 7.2| 1.0/4.3] 1.8] 6.0 
| | 
IIL;-SsSeSsSs | 3 | 0.0] 11.0| 8.0} 1.0) 2.3} 6.0/0.0] 7.0] 0.5 
I1Ls-S: 565757 | 9 | 0.4] 7.9|0.2@| 14.6] 1.8] 2.7] 2.4 | 0.1| 8.0 
| 


IV-S:sSeSSs | 25 | 0.1] 0.8/0.2] 0.7] 0.4] 0.2/0.6] 0.2| 0.9 
TABLE 9 


Genotypes expected in BC 3, B1 x IITs (S7S;SsSg x SsSeSgSg) on the basis of random chromatid 
assortment ratios 





| Male gametes 


Female | 
gametes 1 SeSe 
= Ss 


3 SpSy | 3 SiSeSpSy Th 





1 SeSe 4 SsSo 8 SsSs | 8 SeSs | 6 SeSs 
(+H) (+) | DP) _| @D)/ © 





| 3 SeSoS7S7 ly | 12 S5S6S7S7 TL, | 24 S3S7S7Ss I | — ; — 


8 SySp | 8 SsSeSpSp UIT, | 8 SeSeSpSy Uz | 32 SeSeSpSp IV | 64 SSS | — | — 


3 SgSg | 3 SsSsSsSg Is 3 SeSeSsSa Iz | 12 SsSeSgSs ITIs | 24 SsSgSgSs — — 


to functioning of the uninhibited S,S. pollen grains (table 9). Five plants (1 I, 
4 III.) are believed to have resulted from fertilization by S,S, double reduction 
gametes, and two plants (II,) from fertilization by S;S; double reduction gametes. 
The two plants in genotypic group II,, having only alleles S; and S;, could be ac- 
counted for in no other way than by the fertilization of S;S; female gametes by 
S555 double reduction gametes from the male parent S;5553Ss. The remaining seven 
plants (4 IIs, 3 III,) could have resulted from the functioning of either the SsSs 
dominance pollen grains or of S;S; double reduction grains. 


BC 4, Bl«x TTI, (S7S7SeSg x S5Se0S7S7) 
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TABLE 10 


Average seeds obtained when 39 plants of BC 4, Bl x ITI, (S7S7SsSs x SsS6S7S7), were lestcrossed to 
clones of nine related and one unrelated genotypes 


Average seeds per 10 florets from crosses with plants of following Average 
Number genotypic groups as males seeds to 
Group and genotype(s) of : ; __| unre- 
plants lated 
G4 Bi Il IIs Ik IIIs IIIs IIIs IV tester 
B1pe-5S75757Ss, or 1 12.0 0.0 9.0 | 6.5 | 4.0 4.0| — Z.9 | 2.0 | 28.0 
S7S758S3, or 
S7SgSaS8 
IT 4-S 6S 65757 3 5.0 8.0 | 10.0 | 4.6] 7.0 | 10.3 | 3.0} 12:0 | 3.5 | 18.5 
II],-S;S;57Ss, or | 
S5S7S7S3, or 1 5.0 0.0; 0.0 | 7.0} 0.0 2.0 |.2.0 1.0} 2.0 | 13.0 
S557S8S3 
ITIs-S 6565755 + 5.3} O.0 | 42.5) BS | 7.7 £9 13.5 2.6 | 4.2 | 19.8 
ITI;-S5S6SSs 3 0.0 | 10.0 | 11.7 | 0.2 | 2.3 6.0); — 7.8 | 3.2 6.0 
TIT g-SpS¢S7S7 8 68) 6.7 | 086 | 7.3 | 038 | 0.31 0.2| @.8 | 3.5) 17.8 
IV-S5S657Ss 19 0.2; 0.1; 0.1) 0.7 | 0.2) 0.0) 0.2) 0.1 | 0.2 | 11.2 


TABLE 11 


Genotypes expected in BC 4, BI x III, (S7SqSgSg x SsSeS7Sz) on the basis of random chromatid 
assortment ratios 


Male gametes 
Female a ja 
a 1 SsSs 1 SeSe 4 SsSe 8 SsSr 8 SsS1| 6 S:Sz 
(4) (+) ci eee. 


3 S7S7 | 3 SsSsS7S7 Th | 3 SeSeS7S7 Ty | 12 SsSeS7S7 Uy | 24 S5S7S7S7 Th — — 
8 S7Sg | 8 SsSsS7Sg Illi | 8 SeSoSz7Sg [Iz | 32 SsSeS7Sg_ IV =| 64 S3S2S7S3 Uhh | — | — 


3 SeSs | 3 SsSsSeSg Ils | 3 SoSoSgSg Ul. | 12 SsSeSgSg ILI; | 24 S3S57S3Sg Uh} — | — 


The 39 plants of BC 4 segregated into seven genotypic groups in the ratio of 
1 Blgo?3 Ty:1 Th:4 II,:3 I1T3:8 IIy:19 IV (table 10). Applying HaLpANe’s 
formulae the gametic segregation of the male parent ITI, (55555757) would have been 
1 S5S521 S6S624 S5S628 S55728 SoS726 S7S7 (table 11). The S;S; pollen grains were 
inhibited, and the S,S; pollen grains were inhibited by dominance of S; over S.. 
The 30 plants in groups ITI;, ITI,, and IV resulted from the functioning of the un- 
inhibited S;S,. pollen grains. One plant (B1lgc) was cross-incompatible only with 
its female parent, and apparently resulted from fortujtous self-fertilization or cross- 
fertilization by a S;S; homogenic gamete of the male parent. The one plant of group 
ITI, could be ascribed to S;S; heterogenic dominance gametes or to S;S; double 
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reduction gametes. Seven plants (3 II, and 4 III,) were attributed to fertilization by 
the SS. double reduction gametes. 


DISCUSSION 
Linkage of S locus and centromere 


The postulate that S locus and centromere in white clover are separated at a 
sufficient distance to permit crossing-over and the occurrence of double reduction 
was set up as a basis for the interpretation of the data presented. Arwoop and 
BREWBAKER (1953) recognized the likelihood that S locus and centromere were not 
completely linked, although they found no convincing evidence for the occurrence of 
double reduction. In the present study, 22 backcross plants belonged to genotypic 
classes which were expected upon the fertilization by double reduction gametes. 
The frequency with which double reduction gametes functioned in the four back- 
crosses has been utilized in the following discussion as the basis for the calculation 
of map distance between S locus and centromere. 

Double reduction frequencies can be directly applied in MATHER’s formulae 
(MATHER 1936) for the calculation of the map distance of gene to centromere, as- 
suming a given degree of quadrivalent association. In the four white clover back- 
crosses the homogenic double reduction gametes could be expected to function with 
a frequency similar to that of other uninhibited gametes. Thus the relative rates of 
fertilization by double reduction homogenic and uninhibited heterogenic gametes 
are assumed to have reflected directly the frequencies with which these types were 
produced, in turn reflecting the frequency of crossing-over between S locus and 
centromere. 

It was not possible to definitely assign any of the 15 plants in BC 2 to double 
reduction classes, and the results obtained in this family are not considered in the 
following calculations. Of the 124 plants in the three remaining backcrosses (BC 1, 
3, and 4) 22 were believed to have resulted from fertilization by double reduction 
gametes. A total of 93 plants in these three progenies were attributed to the func- 
tioning of the uninhibited heterogenic pollen classes. One plant in BC 4 was classed 
as a fortuitous self. Seven plants in BC 3 and one in BC 4 could have resulted from 
fertilization by either the homogenic double reduction or the heterogenic dominance 
gametes. For the calculations that follow, these eight plants were attributed to the 
dominance gametes. The ratios of plants resulting from fertilization by double re- 
duction homogenic gametes to plants resulting from fertilization by uninhibited 
heterogenic gametes in the pertinent families were (a) BC 1, 8:26, (b) BC 3, 7:37, 
and (c) BC 4, 7:30 (total, 22:93). For each of these families the random chromatid 
assortment ratio for these classes is 1:2. Applying MaTHER’s formulae (MATHER 
1936) this calculated ratio of double reduction to uninhibited classes is a: 
or 3:5 when alpha is assumed to be the maximum 1} (i.e., when it is assumed that 
all S locus chromosomes associate in quadrivalents, with maximum crossing-over 
between S locus and centromere). 

MATHFR’s alpha equals the product of e = frequency of equational separation (a 
function of gene to centromere map distance) and a = frequency of genetic non- 
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disjunction (a function of the degree of quadrivalent association). If it is assumed 
that a = 4, ie., that all S locus chromosomes associated as quadrivalents, the 


ratio aia becomes Pe . °. The latter ratio may be equated with the observed 


ratio of 22:93, and e calculated to be 43.95. In other words the S locus is placed at 
43.95/2 or approximately 22 units from the centromere by this calculation. If S 
locus chromosomes associated in quadrivalents less than 100. per cent of the time, 
the map distance is underestimated by this value. In addition, any or all of the 
eight plants of BC 3 and BC 4 which were arbitrarily assigned to dominance gametes 
could have been attributed to the functioning of homogenic double reduction gametes. 
The calculated map distance of 22 units is thus considered only as a minimum value. 

In several instances segregating data of Arwoop and BREWBAKER (1953) and of 
the current study were found to give more satisfactory Chi-square values when 
fitting to chromosome than to chromatid assortment ratios. In each of these cases 
the segregations also conform satisfactorily to ratios based on the calculated 22 
units map distance. An illustration of these calculations is provided by a considera- 
tion of the gametic outlays of parental clones G4 and B1. The gametic segregation 
of G4 as female is found to be 10 S555:48 S5S6:6 S¢Ss, and that of B1 as female 
is 23 $7S7:59 S;S3:10 SgSs. The respective totals of 49 homogenic and 107 heterogenic 
gametes were used for the following calculations. The expected chromosome assort- 
ment ratio of gametes from a diallelic tetraploid is 1:2, which satisfactorily fits the 
observed segregation (Chi-square = 0.130, P = .80-.70); the expected chromatid 
assortment ratio is 6:8, from which the observed segregation is statistically dis- 
crepant (Chi-square = 7.886, P < .01). The expected gametic outlay, applying 
MATHER’s formulae, is 1 + a homogenic:2 — a heterogenic. Utilizing the calculated 
e = 43.95, alpha equals 0.1462. Substituting this value into the ratio of 1 + a:2 — 
a, the calculated gametic outlay of diallelic tetraploid parents used in the present 
study is 2.29 homogenic:3.71 heterogenic. The observed ratio of 49 homogenic: 107 
heterogenic is satisfactorily fitted by this calculated ratio (Chi-square = 2.771, 
P = .10-.05). 


Dominance and functional disadvantage 


Nineteen of the 139 backcross plants were classified as resulting from fertilization 
by heterogenic gametes which functioned because of dominance. Any of these plants 
may have resulted instead from fertilization by double reduction gametes. If all 
19 plants are attributed to dominance gametes, the ratios of plants resulting from 
fertilization by dominance (+¥”) gametes to plants resulting from fertilization by 
uninhibited heterogenic (+) gametes in the three families for which such data was 
available are 

(1) BC 2—observed 11 +¥”:4 +, expected ratio 4:1, 

(2) BC 3—observed 7 +:37 +, expected ratio 2:1, and 

(3) BC 4—observed 1 +:30 +, expected ratio 2:1. The expected ratios are the 
same regardless of assumptions concerning linkage of S locus and centromere. 
While the observed ratio in BC 2 was similar to that expected, each of the other 
two families showed a significant discrepance from expectation. In each of the latter 
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TABLE 12 
Seed sets and calculated percents of functional pollen of selected crosses in table 3 











Types of functional pollen Percent Sregtonnl | Number of crosses | ag 
Dominance heterogenic 16.7 92 4.0 
Dominance heterogenic 33.3 64 3.8 
Uninhibited heterogenic 16.7 129 7.6 


Uninhibited heterogenic 100.0 68 13.9 








* Calculated on the basis of chromosome assortment gametic ratios. 


families, pollen grains which functioned because of dominance effected fertilization 
much less frequently than expected on the assumption of the equality of functional 
abilities of uninhibited and dominance gametes. A similar discrepancy was observed 
by Atwoop and BREWBAKER (1953), who reported that pollen grains which func- 
tioned because of dominance were often partially inhibited, suggesting that S allele 
dominance was incomplete for most combinations. 

The partial inhibition of dominance gametes may be denoted clearly in the seed 
sets of compatible crosses summarized in table 3. Pertinent seed set data are sum- 
marized in table 12, together with the corresponding percentages of pollen capable 
of effecting fertilization. The percentages of functional pollen were calculated on the 
basis of chromosome assortment ratios for convenience in interpretation. These 
values differ only slightly from those expected on the basis of the map distance of 
22 units calculated in the preceding section. 

The 68 crosses in which all of the pollen was uninhibited averaged 13.9 seed per 
cross (table 12). The 129 crosses in which a single uninhibited pollen class, comprising 
¥ of the pollen grains on a chromosome basis, functioned alone to effect fertilization 
set an average of 7.6 seed per cross. Crosses in which single heterogenic dominance 
gametes (plus the corresponding uninhibited double reduction gametes) effected 
fertilization comprised two groups with 17 and 33 per cents functional pollen, re- 
spectively. The average seed sets of these crosses were 4.0 and 3.8, respectively, or 
about one half that obtained from comparable crosses involving uninhibited gametes. 

The data in table 12 from the 156 crosses for which seed was attributed to domi- 
nance gametes are presented in another way in table 13. Individual dominance 


TABLE 13 


Seed sets of crosses (table 3) in which seed resulted from the functioning of single heterogenic 
dominance classes 














Heterogenic pollen class Dominance relationship Number of crosses Average seed per cross* 
S5S¢ Ss > Ss | 43 3.1 
S3S7 Ss > Sr | 22 3.5 
S5Ss oe » Se | 16 3.3 
S6Ss Ss > Se 50 5.6 
S7Ss S7 > Ss | 25 2.6 





* LSD at the 5 percent level equals 1.0. 
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classes were distinguished, and the seed sets attributable to each are given. The 50 
crosses in which S,Ss gametes functioned alone set considerably more seed than the 
other classes. A significant component of the variance among the five means (MS 
= 55.651, F = 3.071, P = .05-.01) existed in the comparison, for one degree of 
freedom, of the S,Ss average with the mean of the other four averages (F = 11.77, 
P < .01). This can be interpreted to mean that the various dominance combinations 
differed in degree of dominance, with the relationship of Ss > S, being that of a 
relatively strong dominance as compared with the others. The genotypic segregation 
of BC 2 considered above lends support to this conclusion. Atwoop and BREw- 
BAKER (1953) observed similar differences in degree of dominance. 

The occurrence of dominance among S alleles in heterogenic pollen grains appears 
to be supported by a large body of evidence from this and previous studies (cf., 
Lewis 1947, Arwoop and BREWBAKER 1953). However, the evidence trom the present 
investigation is not regarded as establishing conclusively the six dominance rela- 
tionships. This is due in large part to the role of double reduction gametes in the 
crosses made. The possibility exists that certain S alleles show complete independ- 
ence of action in heterogenic pollen grains, in which case such heterogenic combina- 
tions would be inhibited on styles bearing either or both of the alleles in the pollen. 
“Independence” has been recognized by several investigations dealing with op- 
positional R alleles of the sporophytic type, in which dominance is manifest at the 
diploid level (cf. GersTEL 1950, HucHEs and Bascock 1950). 


Relationship of seed set and percent functional pollen 


The relationship of seed set to percent of functional pollen in compatible crosses 
of 4N white clover which was described by BREWBAKER and Atwoop (1952) and 
Atwoop and BREWBAKER (1953) is illustrated in table 12. Crosses in which all of 
the pollen was potentially able to effect fertilization (including B2 testcrosses in 
BC 1 and BC 4) set nearly twice as many seeds (av. 13.9 seed per cross) as those 
crosses in which only 1% of the pollen, on a chromosome assortment basis, was un- 
inhibited (av. 7.6 seed per cross). Corresponding values from ATwoop and BREw- 
BAKER (1953) are (a) 100 percent functional pollen—av. 24.8 seed per cross; (b) 
17 percent functional pollen—11.0 seed per cross. 


TABLE 14 
Seed sets (table 3) grouped according to percents of functional pollen 
Percent functional pollen! 
a } Number of crosses Average seed per cross” 
Average | Range | 
| sia wicca = |- nee 
0.0 _ 935 0.3 
3.4 2-6 211 4.1 
20.6 17-25 362 ue 
536.3 50-56 38 9.8 
100.0 — 68 13.9 


* LSD of compatible crosses at the 5 percent level equals 2.7. 
1 Calculated on a chromosome assortment basis. 
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Atwoop and BREWBAKER (1953) calculated that, of the five dominance gametes 
of their investigation, at least three functioned approximately 14 as frequently as 
uninhibited gametes. Applying this value for “functional disadvantage” to their 
data, an equation of Y = .19 X + 8.72 was calculated to express the regression of 
seed yield on percent functional pollen. The value of 1g functional disadvantage 
was similarly applied to pollen grains which functioned because of dominance in the 
99 genotypic combinations in table 3, and theoretical percents of functional pollen 
were calculated for all combinations. Chromosome assortment gametic ratios were 
applied for convenience in calculation. The 1609 data were grouped into five classes 
of percents of functional pollen ranging from incompatible to fully compatible (table 
14). The average seed sets of the four compatible groups ranged from 4.1 to 13.9 
and the corresponding average percents of functional pollen ranged from 3.4 to 
100. These values were correlated with r = .947. The regression equation for these 
data was Y = .16X + 1.91, which differs from that cited above largely in the point 
of origin of the regression line, This may be accounted for by the comparatively low 
seed sets of Ladino white clover clones used in the present investigation. 


SUMMARY 


1. Two self-incompatible (SI), colchicine-doubled diallelic clones of white clover 
were crossed, and 39 F,; and 139 backcross (BC) plants were genotypically classified 
for oppositional S alleles. 

2. The two 4N parents were shown to differ in both S alleles, and were designated 
S5S5SeS¢ and S;S;S3S3, respectively. All 11 genotypic groups representing the 6 
diallelic, 4 triallelic, and 1 tetra-allelic combinations of the four S alleles were ob- 
tained. All plants were self-incompatible and cross-incompatible within their re- 
spective genotypic groups. 

3. Dominance relationships of the four alleles in the six different heterogenic 
pollen classes were determined on the basis of the seed sets of 1561 crosses of F; 
and BC plants. The following non-linear dominance series was established: 


Ss = Ss 
| ae 
} + Se 
S; ee Ss 


4. Pollen grains which functioned because of dominance were much less effective 
than uninhibited grains in effecting fertilization, as reflected in both seed sets and 
progeny segregations. In other words, dominance grains showed a functional dis- 
advantage in comparison to uninhibited grains, indicating weak or partial dominance 
of all combinations. The dominance of Ss over S, appeared to be significantly stronger 
than others with which it could be statistically compared. 

5. Crossing-over between the S locus and centromere in white clover was evi- 
denced by the segregation and function of double reduction homogenic S gametes. 
The map distance from S locus to centromere was estimated to be 22 units on the 
assumption of 100 percent quadrivalent association of S locus chromosomes. 

6. Seed sets (Y) were correlated with the percents of pollen (X) which were theo- 
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retically functional in compatible crosses. The calculated regression equation for 
this relationship was Y = .16X + 1.91. 
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